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This  work  is  aimed  toward  the  development  of  practical  fuel  cells  using 
hydrocarbons  or  their  partially  oxygenated  derivatives  as  fuels  and  air  as  oxidant. 
The  fuels  must  be  capable  of  reacting  to  carbon  dioxide,  be  reasonably  available, 
and  pose  no  unusual  corrosion,  toxicity  or  handling  problems.  Also,  the  cell  must 
use  a  CO  -rejecting  electrolyte  and  operate  at  temperatures  and  pressures  below 
200°C  ana  75  psig.  Other  desired  requirements  include  high  electrical  output  per 
unit  volume  and  weight,  high  efficiency,  long  life,  high  reliability,  reasonable 
cost,  particularly  catalyst  cost,  and  ruggedness. 


The  program  is  divided  into  seven  parts.  These  are  referred  to  as  Tasks 
A  through  G  in  this  report.  Tasks  A  and  D  describe  studies  on  the  hydrocarbon  and 
methanol  electrodes,  respectively.  Air  electrode  research  is  primarily  discussed 
in  Task  E,  although  that  air  electrode  research  which  is  peculiar  to  the  hydrocarbon 
fuel  cell  is  detailed  in  Task  B.  This  Task  includes  work  carried  out  on  establish¬ 
ing  the  basic  hydrocarbon  cell  design,  especially  with  regard  to  the  operation  of 
all  components  in  a  single  cell.  A  similar  Task,  F,  is  included  for  the  methanol 
cell.  Task  G  is  concerned  with  work  on  the  development  of  methanol  multicell  sys¬ 
tems.  Finally,  Task  C  describes  exploratory  studies  aimed  at  new  approaches  to 
fuel  cells. 
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Research  on  both  the  hydrocarbon  and  methanol  fuel  cells  has  concentrated 
on  improving  the  performance  of  individual  cell  components  and  translating  these  re¬ 
sults  into  compatible  electrode-electrolyte  systems.  These  efforts  encompass  work 
carried  out  in  the  following  seven  categories:  the  hydrocarbon  electrode  and  the 
hydrocarbon  fuel  cell,  new  systems,  methanol  and  air  electrodes,  the  methanol  fuel 
cell,  and  prototype  development. 

2.1  Task  A,  Hydrocarbon  Electrode 

Work  on  the  development  of  a  hydrocarbon  electrode  has  concentrated  on  the 
use  of  liquid  hydrocarbons  directly  at  the  anode,  with  operating  temperatures  in  the 
range  of  100°C.  'These  conditions  could  reduce  the  problems  in  engineering  a  fuel 
cell.  Initial  results  with  decane  as  a  model  fuel  showed  that  performance  was  limited 
by  two  factors.  First,  the  accumulation  of  e lectrochemically  active  species  on  the 
electrode  surface  appeared  to  be  slow,  not  because  of  transport  limitation,  but 
apparently  because  of  a  slow  chemical  reaction  such  as  chemisorption  of  the  fuel. 
Secondly,  the  liquid  fuel  tended  to  flood  the  Teflon  bonded  structure,  physically 
blocking  up  to  95%  of  the  available  surface  area. 

Two  potentially  promising  approaches  were  taken  to  the  flooding  problem. 

One  involved  the  use  of  porous  Teflon  barriers  on  the  fuel  side  which  could  control 
fuel  flow  by  capillarity.  The  second  involved  the  use  of  perf luoroacid  electrolytes 
which  have  a  greater  tendency  to  wet  Teflon  than  sulfuric  acid  solutions.  Both 
approaches  doubled  the  efficiency  of  catalyst  utilization.  Attempts  were  made  to 
improve  performance  by  using  various  noble  metals  and  alloys  as  catalysts.  It  was 
found  that  the  means  of  preparation  of  the  catalyst  had  as  great  an  effect  on  cata¬ 
lysis  as  the  nature  of  the  element.  Emphasis  was  also  placed  on  maximizing  the  cata¬ 
lyst  surface  area,  particularly  by  coprecipitating  the  noble  metal  with  other  materials, 
such  as  aluminum  hydroxide,  which  modify  the  surface  properties  and  are  later  removed. 
This  approach  resulted  in  platinum  catalysts  with  60  percent  greater  surface  area  and 
twice  the  activity  of  commercial  platinum  black. 

Part  of  the  program  has  also  been  concerned  with  a  search  for  non-noble 
catalysts.  Low  temperature  steam  reforming  catalysts  with  costs  of  about  $2  per 
pound  were  considered  both  as  anode  catalysts  and  as  components  of  a  separate  steam 
reforming  reactor.  Preliminary  experiments  in  a  chemical  reactor  showed  that  these 
catalysts  were  active  on  gaseous  decane  and  steam  mixtures  at  temperatures  as  low 
as  260°C,  as  compared  to  conventional  steam  reformer  temperatures  of  700  to  800°C. 
Provided  the  conversion  per  pass  was  kept  low,  excellent  yields  of  hydrogen  could  be 
obtained  with  little  methane  formation.  The  product  gas  could  be  reacted  at  over  200 
ma/cm^  at  a  fuel  cell  anode  without  purification.  In  addition,  the  decane  and  water 
could  be  reacted  slowly  even  in  the  liquid  phase  over  these  catalysts. 
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2.2  Task  B,  Hydrocarbon  Fuel  Cell 


A  total  cell  for  testing  hydrocarbon- air  fuel  cell  components  was  constructed 
and  used  in  the  evaluation  of  a  liquid  decane-oxygen  fuel  cell,  operating  at  about 
100°C  in  sulfuric  acid  electrolyte.  Power  outputs  of  8.2  mwatts/cm2  at  cell  voltages 
of  0.44  volts  were  obtained.  The  cell  components,  particularly  the  liquid  decane 
electrodes,  performed  as  expected  based  on  previous  half  cell  data. 

2.3  Task  C,  New  Systems 

Studies  have  been  carried  out  on  new  approaches  Lu  ovei.cuuij.ug  prouxems 
limiting  fuel  cell  performance.  Thus  buffer  electrolytes  were  found  able  to  support 
high  current  densities.  Methanol  performance  with  present  catalysts  was  comparable 
to  that-  in  acid  and  carbon  dioxide  was  rejected.  However,  at  the  oxygen  electrode, 
the  necessity  for  maintaining  a  gas-liquid  interface  resulted  in  relatively  high 
ionic  concentration  polarization  within  the  porous  structure.  As  a  result,  perform¬ 
ance  was  inferior  t*’  that  in  acid.  In  a  total  methanol-air  cell  employing  a  buffer 
electrolyte,  power  outputs  of  over  10  mwatts/cm2  were  obtained.  Experiments  with 
slurried  platinum  black  catalyst,  using  a  rotating  platinum  foil  electrode  as  cur¬ 
rent  collector  and  stirrer,  showed  that  methanol  and  decane  activities  comparable  to 
static  systems  could  be  achieved  if  turbulent  flow  was  maintained.  However,  greater 
catalyst  quantities  were  required  with  the  slurry  system.  The  use  of  supported 
platinum  was  not  successful.  Anomalous  catalyst  wetting  effects  were  observed  with 
decane . 

Other  areas  examined  included  redox  reactions,  where  it  was  found  that  rhenium 
heptoxide  could  oxidize  decane  to  carbon  dioxide  but  the  reduced  rhenium  oxide  could 
not  be  electrochemically  reoxidized.  Tests  with  a  flowing  fuel  system  showed  that 
neither  decane  preheating,  electrical  heating  of  the  electrode  nor  open  circuit  pulsing 
improved  the  performance  of  a  platinum-Tef Ion  hydrocarbon  electrode.  An  investigation 
of  the  stability  of  passivating  metals  under  anodic  conditions  in  sulfuric  acid  re¬ 
sulted  in  the  choice  of  nuclear-grade  zirconium,  boron  carbide, and  boron  nitride  for 
further  testing.  Finally,  the  phthalocyanine  compounds  of  a  number  of  base  metals 
were  found  to  have  little  catalytic  activity  towards  oxygen  or  hydrocarbons  in  sul¬ 
furic  and  phosphoric  acids. 

2.4  Task  D,  Methanol  Electrode 

Work  on  the  methanol  electrode  has  concentrated  on  improving  the  perform¬ 
ance  and  life  of  the  platinum- ruthenium  and  P-type  catalyst  systems.  Sustained  and 
exceptionally  stable  performance  at  levels  comparable  to  those  attainable  with  the 
P-type  catalyst  were  obtained  with  the  platinum- ruthenium  catalyst  by  activating  the 
catalyst  in  an  alkaline  solution.  Polarizations  at  60°C  averaged  0.35  volts  at 
100  ma/cm2.  The  susceptibility  of  the  P-type  catalyst  to  losing  activity  when  over¬ 
polarized  was  overcome  by  stabilizing  the  catalyst  with  potassium  ions.  However, 
this  stabilization  requires  the  presence  of  methanol  in  the  electrolyte.  Further 
improvements  in  this  catalyst  were  made  by  the  controlled  addition  of  ruthenium.  The 
polarization  at  60°C  amounted  to  only  0.32  volts  at  100  ma/cm2,  with  little  performance  loss  re¬ 
sulting  from  overpolarization.  In  addition,  because  the  catalyst  preparative  procedures 
are  slow,  a  fast  procedure, producing  slightly  less  active  catalysts,  was  developed. 

Several  new  methods  for  preparing  methanol  catalysts  were  developed.  One 
method  employed  the  radical  anion  formed  by  reacting  metallic  sodium  with  certain 
organic  compounds  such  as  napthalene  as  the  reducing  agent.  This  technique  produced 
catalysts  with  comparable  activity  to  other  methods  and  hence  showed  no  particular 
advantage.  A  second  technique  used  the  co-reduction  and  subsequent  removal  of  silver 
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to  prepare  platinum  electrodes  with  about  80  percent  more  surface  area  and  over 
three  times  as  much  current  at  a  constant  polarization  per  milligram  of  catalyst. 

In  addition,  studies  with  co-metal  catalysts  not  containing  platinum  resulted  in  an 
iridium- ruthenium  catalyst  that  at  60°C  was  polarized  only  0.36  volts  at  100  ma/cm^. 
This  performance  is  comparable  to  that  obtained  with  platinum-ruthenium. 

Additional  studies  were  carried  out  on  the  Pt-Re20y-CH30H  interaction. 

Double  layer  capacitance  measurements  were  made  to  determine  the  effect  of  Re20j  pre¬ 
adsorption  on  subsequent  methanol  coverage.  It  was  found  that  the  rhenate  ions  occupy 
60  to  80  percent  of  the  available  platinum  surface  with  methanol  covering  the  remain¬ 
ing  sites.  This  confirms  previous  indications  that  the  pre-adsorbed  rhenate  layer 
covers  most  of  the  surface. 

2.5  Task  E,  Air  Electrode 

The  performance  of  thin  carbon  electrodes  was  maximized  by  reimpregnation 
with  additional  platinum.  It  was  also  found  that  polarization  debits  as  low  as  40 
mv  at  100  ma/cm^  were  obtained  when  the  catalyst  loading  was  reduced  to  1.3  mg/cm^ 
if  the  reduction  was  carried  out  by  a  radical  anion  method.  Application  of  a  porous 
Teflon  layer  eliminated  the  flooding  of  this  structure  under  hydrostatic  pressure. 
Teflon-coated  platinum-Tef Ion  electrode  performances  were  proportional  to  catalyst 
loading  between  1.5  and  14  mg/cm^.  At  the  lowest  level, activity  could  be  improved 
by  adding  gold  to  enhance  conductivity  while  at  high  loadings  the  use  of  a  multi¬ 
layer  structure  allowed  fuller  use  to  be  made  of  the  catalyst. 

Cathodization  of  a  platinum  catalyst  caused  a  temporary  improvement  in 
performance  while  anodization  resulted  in  a  temporary  decrease.  The  incorporation 
of  gold  into  platinum  did  not  shift  the  potential  of  platinum  oxide  formation  or  re¬ 
duction  although,  in  the  case  of  smooth,  melted  alloys,  oxide  formation  was  repressed. 
A  theoretical  oxygen  potential  of  1.23  volts  was  measured  on  gold  following  severe 
anodization.  However,  this  was  found  due  to  a  gold  oxide  layer  rather  than  a 
reversible  oxygen  reaction. 

2.6  Task  F,  Methanol  Fuel  Cell 

A  major  performance  limitation  in  methanol-air  cell  operation  was  found  to 
be  poor  contact  between  the  cathode'  and  membrane.  A  technique  was  developed  for 
pressing  the  membrane  and  cathode  together  without  adversely  effecting  the  membrane 
porosity.  Use  of  these  clad  cathodes  in  4"  x  4"  cells  resulted  in  lower  cell  resist¬ 
ance,  better  utilization  of  the  cathode  surface  for  02  reduction,  and  improved  com¬ 
patibility.  Improved  fuel  and  air  distribution  in  these  cells  had  no  effect  on  per¬ 
formance  . 

Three  new  catalysts  were  tested  in  single  cell  operation.  The  ruthenium 
modified  P-type  catalyst  was  the  most  stable  of  the  three  and  gave  substantially 
improved  performance  when  combined  with  a  clad  cathode.  Maximum  power  reached  45 
mwatts/cm^.  Scale-up  of  these  components  to  9"  x  5-3/4”  was  satisfactory.  However, 
higher  resistance  due  to  the  design  of  the  larger  cell  remains  a  problem. 

2.1  Task  G,  Prototype  Development 

Engineering  research  has  aimed  at  extending  consideration  of  problems  in 
a  methanol-air  power  unit.  Improved  fuel  cell  efficiency  has  been  shown  to  result 
in  considerable  improvement  in  electronic  control  of  such  a  unit.  Air  distribution 
studies  in  the  9"  x  5-3/4"  multicell  stack, selected  in  the  design,  have  shown  that 
at  least  five  times  stoichiometric  air  flow  is  required  for  uniform  cell  performance. 
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Finally,  chemical  oxidation  of  methanol  at  the  cathode,  which  must  be  suppressed 
during  cell  operation  to  minimize  compatibility  losses,  has  been  found  to  be  use¬ 
ful  in  start-up.  By  promoting  this  reaction,  operating  temperatures  of  60°C  were 
achieved  within  12  minutes. 

Studies  in  multicell  units  highlighted  two  general  problems  :  deactivation 
of  the  P-type  anode  because  of  its  sensitivity  to  oxidation  and  increased  ohmic  polar 
ization  at  the  cathode  due  to  poor  contact  with  the  membrane.  Because  of  this,  tests 
have  been  initiated  with  new  components  from  single  cell  work,  ruthenium  modified 
P-type  anodes,  and  clad  cathodes. 
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PUBLICATIONS,  LECTURES,  REPORTS.  AND  CONFERENCES 


Tar  y,  B.  L.  -  Methanol  Fuel  Cells  -  Second  ARPA  Fuel  Cell  Conference, 
Linden,  New  Jersey,  February  6,  1964. 


Heath,  C.  E.  -  Methanol  Fuel  Cells  -  18th  Annual  Power  Sources  Conference, 
Atlantic  City,  New  Jersey,  May  19,  1964. 


3-2  Conferences 


January  28,  1964  -  Linden,  New  Jersey 


Organizations  Represented:  United  States  Army  Electronics  Research  and 

Development  Laboratories 

United  States  Army  Engineer  Research  and  Develop¬ 
ment  Laboratories 

Esso  Research  and  Engineering  Company 


The  meeting  was  held  to  review  the  status  and  future  plans  for  the 
Hydrocarbon-Air  Fuel  Cell  program. 


January  31,  1964  -  Fort  Monmouth,  New  Jersey 


Organizations  Represented:  United  States  Army  Electronics  Research  and 

Development  Laboratories 
Mr.  C.  Daniel,  Consultant  to  USAELRDL 
Esso  Research  and  Engineering  Company 


This  meeting  was  held  to  review  the  research  program  from  the  aspect  of 
statistical  evaluation  of  data  and  designed  experimental  programs.  It  was  agreed 
to  compare  several  strategies  in  several  projects  currently  underway. 


February  4,  1964  -  Princeton,  New  Jersey 


Organizations  Represented:  Prof.  John  Tukey,  Consultant  to  Esso  Research  and 

Engineering  Company 
Esso  Research  and  Engineering  Company 


The  use  of  statistics  in  designing  catalyst  research  programs  was  dis¬ 


cus  sed  . 


March  13,  1964  -  Linden,  New  Jersey 


Organizations  Represented:  United  States  Army  Electronics  Research  and 

Development  Laboratories 
Mr.  C.  Daniel,  Consultant  to  USAELRDL 
Esso  Research  and  Engineering  Company 


The  meeting  was  held  to  discuss  the  studies  in  the  application  of 
designed  experiments  to  catalyst  research. 


. 


April  28,  1964  -  Linden,  New  Jersey 

Organizations  Represented:  Advanced  Research  Projects  Agency 

United  States  Army  Electronics  Research  and 
Development  Laboratories 

United  States  Army  Engineer  Research  and  Develop¬ 
ment  Laboratories 

Esso  Research  and  Engineering  Company 

The  meeting  was  a  review  of  progress  and  plans  for  the  methanol -air  and 
hydrocarbon-air  fuel  cells. 

3.3  Reports 

This  report  is  written  in  conformance  with  the  detailed  reporting  require 
ments  as  presented  in  the  Signal  Corps  Technical  Requirement  on  Technical  Reports 
(SCL-2101P,  18  February  196_;)  under  the  ns  of  our  contract;  these  requirements 
differ  from  the  usual  requirements  for  reports  issued  within  Esso  Research  and 
Engineering  Company. 
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SECTION  4 


FACTUAL  DATA 


4.1  Task  A  -  Hydrocarbon  Electrode 

During  the  year  1963,  prior  to  the  inception  of  this  contract,  some  effort 
was  expended  determining  whether  it  would  be  possible  to  oxidize  a  liquid  hydrocarbon 
in  the  kerosene  or  jet  fuel  boiling  range  directly  at  a  fuel  cell  anode.  Appreciable 
activities  were  achieved  using  liquid  decane  on  platinum  black-Teflon  electrodes. 
Furthermore,  the  difference  in  activity  between  3.7  M  sulfuric  acid  at  100°C  and 
14.7  M  phosphoric  acid  at  150°C  was  not  very  large  (Figure  A-l). 

Figure  A-l 

Best  Performance  Liquid  Decane  1963 

Pt-Teflon  Electrodes 
22  mg  Pt/cm 


h2  so4  -  100 °C 


o  0.3 


o  0.2 
cu 


H,PO,  -  150°C 
3  4 


Current  Density,  ma/ cm 


Polarization,  unless  otherwise  noted,  is  defined  here  and  elsewhere 
as  the  difference  between  observed  voltage  and  the  voltage  of  a 
reversible  electrode  operating  with  the  same  reactant,  temperature, 
pressure  and  electrolyte.  Measurements  have  been  made  using 
saturated  calomel,  silver-silver  chloride,  or  direct  hydrogen 
reference  electrodes  and  values  have  been  adjusted  for  the  effects 
of  liquid  junction  and  thermal  potentials.  Details  of  this 
procedure  are  contained  in  Appendix  A-l. 
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liquid  decane  electrode  at  or  near  100°C.  A  final  fuel  cell  was  envisioned  into  ' 

which  a  liquid  fuel  similar  to  JP-4  could  be  poured  directly,  which  would  operate  { 

on  relatively  dilute  electrolyte  at  temperatures  at  which  heat  and  water  balance 

problems  would  be  relatively  easy  to  solve,  and  which  could  achieve  relatively 

high  fuel  conversion  levels,  since  the  product  carbon  dioxide  separates  readily 

from  the  liquid  fuel  and  electrolyte. 

It  was  known  that  specific  electrodes  and  operating  condition^  existed 
under  which  gaseous  hydrocarbons  could  be  operated  at  hundreds  of  ma/cm  at 
relatively  low  polarizations.  Such  operation  is,  in  fact,  discussed  in  this 
report.  However,  due  to  the  difficulties  involved  in  obtaining  a  gaseous  feed  with 
kerosene-like  hydrocarbons  and  of  maintaining  such  a  system  at  the  necessary  150°C, 
it  was  felt  that  the  liquid  fuel-100°C  system  should  be  the  goal.  Furthermore,  the 
type  of  electrodes  required  for  the  high  temperature  gas  operation  were  of  no  ad¬ 
vantage  or  actually  inferior  for  the  liquid  fuel  performance. 

Therefore,  the  present  studies  were  concerned  with  the  means  of  fabricating 
optimum  platinum  based  electrodes,  determinations  of  the  factors  presently  limiting 

performance,  and  improvements  of  catalysts  to  be  used  in  the  target  system.  4 

In  addition,  two  longer  range  projects  wen  undertaken  to  develop  non¬ 
noble  hydrocarbon  fuel  cell  catalysts.  One  involved  the  adaptation  of  active  low 

temperature  steam  reforming  catalysts  to  fuel  cell  use.  The  other  was  concerned  , 

with  the  stabilization  of  catalytic  non-noble  metals  toward  acid  by  incorporating 
them  into  phtha locyanines .  The  latter  is  reported  under  Task  C. 

Phase  1  -  Study  of  Decanc  Reaction  on  Pt -Teflon  Electrodes 

In  order  to  gain  some  insight  into  the  ultimate  feasibility  of  liquid 
paraffin  fuels  for  fuel  cell  use,  a  series  of  studies  was  carried  out  to  establish 
the  performance  of  a  typical  hydrocarbon  fuel  and  t lie  effect  of  operating  parameters 
on  this  performance.  It  was  hoped  in  this  manner  to  obtain  mechanistic  criteria 
useful  in  the  ultimate  development  of  a  liquid  hydrocarbon  fuel  cell.  Initial 
studies  were  carried  out  using  n-decane  (C^H  ),  and  variables  were  studied  both 
in  steady  state  performance  runs  and,  later,  by  voltage  scanning  techniques.  Later 

studies  were  directed  to  butari  fui  1  in  order  lo  i  stablish  points  of  similarity  in  i 

the  reaction  of  paraffin  fuels  having  different  molecular  weights  and  physical 
states.  Emphasis  was  placed  on  internal  consistency  of  results  rather  than  on 
optimization  of  the  electrode  system. 

Part  a  -  Experimental  Technique 


Initial  performance  tests  on  decane  were  carried  out  using  liquid  fuel  feed 
in  combination  with  aqueous  sulfuric  acid  electrolyte.  Electrodes  chosen  for  the 
study  were  composed  of  two  parts  by  weight  of  commercial  platinum  black  mixed  with 
one  part  Teflon  powder  (duPont),  pressed  into  a  52  mesh  platinum  screen  for  current 
collection  and  mechanical  support.  They  contained  30-35  mg  Pt/cm^. 

The  basic  electrode  was  held  between  two  Teflon  gasket  members  with  elec¬ 
trode  area  of  either  1  or  5  cm2.  For  operation,  the  electrode  was  placed  in  a 
special  flange  cell  (Diagram,  Appendix  A-2)  which  permitted  either  gaseous  or  liquid 
fuel  feed,  and  operated  against  a  driven  platinum  screen  counterelectrode.  Both 
steady  state  and  potential  scan  measurements  were  made  with  this  apparatus,  primarily 
in  3.7  M  sulfuric  acid  at  100°C. 


Part  b  -  Steady  State  Performance  of  Liquid  Decane  Fuel 


Initial  performance  tests  were  carried  out  using  liquid  decane  and  3.7  M 
sulfuric  acid  electrolyte  at  100°C-  Performance  was  found  to  be  somewhat  sluggish 
with  open  circuit  polarizations  of  0. 1-0.2  volts  and  limiting  currents  in  the  range 
5-10  ma/cm2  (Appendix  A-3) .  Performance  near  limiting  current  conditions  deteriorated 
somewhat  with  time  in  most  cases.  No  evidence  of  a  defined  Tafel  behavior  was  pre¬ 
sent  for  any  of  the  electrodes  tested.  Thus,  the  liquid  docane  electrode  was  not 
well  suited  for  mechanism  studies. 

A  few  runs  were  carried  out  to  determine  if  benefits  could  be  obtained  by 
feeding  decane  as  a  steam  distillate.  For  this  purpose,  vapor  feed  was  taken  from 
a  boiling  vessel  containing  decane  and  water.  Decane  partial  pressure  under  these 
conditions  is  about  95  mm  Hg.  It  was  found  that  performance  under  these  conditions 
was  similar  to  that  in  the  liquid  feed  system  with  the  possible  advantage  of  some¬ 
what  more  stable. performance  in  the  steam  distillation  case.  A  short  Tafel  slope 
corresponding  to  0.14  volts/decade  was  found  (Appendix  A-3).  This  value  corresponds 
to  0{ ~  1/2  in  the  Tafel  expression  and  suggests  the  existence  of  an  electron  dis¬ 
charge  limited  rate  in  this  region.  However,  the  activity  levels  were  still  too  low 
on  this  system  to  warrant  its  extensive  further  use. 

Brief  tests  were  carried  out  to  determine  the  performance  of  ciecane  fuel 
on  catalyzed  carbon  electrodes  similar  to  those  described  previously  (4).  Decane 
fuel  was  carried  to  the  feed  chamber  on  a  stream  of  argon  from  a  preheat  vessel  at 
150°C-  Electrolyte  was  14.7  M  phosphoric  acid  at  140°C.  Performance  of  this  system 
was  similar  to  that  observed  on  plat  inuin-Tef  Ion  electrodes,  with  5  ma/cm2  at  0.25 
volts  polarization  and  limiting  current  of  about  10-15  mn/cin2  (Appendix  A-3).  A 
brief  comparison  with  argon-n-heptane  feed  from  a  preheat  vessel  at  75°C  indicated 
even  somewhat  lower  performance.  No  evidence  of  Tafel  behavior  was  observed  in  either 
case.  Thus,  there  was  no  advantage  for  the  hot  phosphoric  acid  over  100°C  sulfuric 
acid  electrolyte  for  liquid  decane  fuel. 

Part  c  -  Slow  Accumulation  oi  Adsorbed  Fuel 


To  augment  the  steady  state  measurements,  the  limitations  on  decane  reac¬ 
tivity  were  further  examined  by  the  voltage  scan  technique.  This  technique' is  capable 
of  breaking  the  electrochemical  process  into  two  parts,  the  accumulation  of  electro- 
chcmically  active  species  on  the  electrode,  and  the  anodic  oxidation  of  these  species. 
Platinum-Teflon  electrodes  were  tested  in  the  flange  cell  previously  described,  with 
the  potentiostatted  triangular  signal  supplied  by  a  Duffers  Model  600  Potentiostat 
In  combination  with  a  Servomex  Low  Frequency  Wave  Form  Generator  (Type  LF-51).  Cur¬ 
rent  voltage  diagrams,  generally  over  a  one  volt  range,  were  recorded  on  a  Moseley 
Model  135  X-Y  Plotter.  A  typical  diagram  for  oxidation  of  decline  in  3-7  M  sulfuric 
acid  is  shown  in  Appendix  A-4.  The  quantity  of  coulombs  consumed  in  the  oxidation 
of  fuelwas  determined  by  multiplying  the  area  under  the  fuel  peak  by  a  scale  factor 
appropriate  to  the  given  scan  rate  and  current  sensitivity. 

It  was  found  thaL  accumulation  of  oxidizable  material  at  this  type  of  elec¬ 
trode  was  very  slow.  That  is,  the  number  of  coulombs  in  the  decanc  peak  increased 
significantly  with  the  delay  time  between  scans  (Figure  A-2  and  also  Appendix  A-5). 
Furthermore,  the  initial  slope  of  the  coulombs-delay  time  curve  corresponded  to  roughly 
6-7  ma/cm2,  a  value  similar  to  the  observed  limiting  currents  in  the  steady  state 
performance  curves  with  this  type  of  electrode.  It  was,  therefore,  concluded  that 
the  decane  activity  was  not  limited  by  the  electrochemical  stops  Involved  in  the 
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oxidation  of  chemisorbed  decane  or  its  fragments,  but  was  limited  by  the  rate  of 
accumulation  of  the  chemisorbed  species.  The  next  step  was  to  determine  whether 
the  latter  process  was  being  restrained  by  slow  mass  transport  or  by  slow  chemical 
reactions . 
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Part  d  -  Evidence  lor  Chemical  Reaction  Rate  Limitation 

Two  criteria  were  used  to  distinguish  between  the  mass  transport  and  chemical 
reaction  rate  limitations.  One  was  the  nature  of  the  relation  between  the  coulombs 
accumulated  and  the  scan  time  and  the  other  was  the  energy  of  activation  of  the  process. 
A  series  of  continuous  triangular  voltage  scans  were  obtained  at  10,  20,  30  and  40 
seconds  per  volt  scan  speed  at  60,  80  and  100°C.  For  all  three  temperatures,  the 
total  coulombs  accumulated  in  the  decane  peak  was  shown  to  vary  linearly  with  recip¬ 
rocal  rate  of  scan  (Figure  A-3).  This  behavior  should  not  result  if  the  overall  process 
of  accumulation  is  diffusion  controlled.  For  that  case  a  reciprocal  square  root 
relationship  is  expected  (5) . 


figure  A -2 

Accumulation  of  Coulombs  in  Decane 
Peak  with  Delay  Time  between  Scans 
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Figure  A- 3 


Dependence  of  Peak  Coulombs  on  Scan  Rate 
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Further  evidence  of  the  non-diffuslonal  nature  of  this  limitation  was 
gathered  from  an  analysis  of  the  temperature  effect  on  total  coulombs,  Qd>  For 
this  purpose,  an  Arrhenius  plot  was  constructed  using  the  quantity  of  coulombs 
observed  in  the  peak  at  a  fixed  rate  of  scan  as  a  measure  of  rate  at  the  given 
temperature.  A  second  plot  was  made  using  the  difference  in  coulombs  between  two 
fixed  rates  of  scan.  The  data  for  both  cases.  Figure  A-4,  indicate  an  activation 
energy  for  the  rate  limiting  process  of  about  14  kcal/mole.  Since  this  value  is 
too  high  to  be  associated  with  diffusional  effects,  it  is  presumed  that  the  rate 
limiting  step  involves  a  slow  adsorption  or  similar  phenomenon  of  a  chemical  nature. 
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Phase  2  -  Comparative  Performance  of  Butane  Feed 

Due  to  difficulties  in  establishing  reproducible  steady  state  performance 
of  liquid  fuels  such  as  decane,  an  effort  was  made  to  find  a  more  suitable  gaseous 
fuel.  Due  to  its  position  as  the  highest  carbon  number  paraffin  fuel  gaseous  at 
room  temperature,  butane  was  chosen.  Performance  was  studied  in  the  flange  cell 
previously  described  with  the  fuel  chamber  adapted  for  preheating  and  equilibration 
of  gaseous  fuel  and  electrolyte. 

Studies  encompassed  temperature  and  concentration  variables  and  state  of 
fuel  presaturation  with  water  vapor.  The  study  was  aimed  at  obtaining  consistent 
comparisons  in  the  electrode-electrolyte  system  that  was  optimum  for  decane  rather 
than  optimization  of  butane  performance.  The  electrode  used  was  the  platinum -Teflon 
mixture  described  previously. 
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The  final  exposed  surface  area  in  the  electrode  holder  was  1  cm  ,  contain¬ 
ing  30-35  mg  platinum.  Butane  fuel  was  Instrument  Grade  (Matheson)  in  most  cases. 

No  effect  was  observed  on  changing  to  C-P.  Grade. 


Part  a  -  Steady  State  Performance 

Steady  state  performance  of  butane  was  initially  determined  in  3.7  M 
sulfuric  acid  at  95-100°C.  Performance  showed  excellent  open  circuit  polarizations, 
often  negative  to  the  calculated  theoretical  value  lor  the  equilibrium  butanc-CC>2 
reaction,  reasonably  stable  Tafel  slopes  of  0.10-0.14  volts,  and  limiting  currents 
of  15-25  ma/cm^,  (Appendix  A-6  and  Figure  A-5).  Use  of  pre-equilibrated  versus  dry 
butane  feed  was  shown  to  result  in  no  change  in  performance.  It  is  presumed  that 
3.7  M  sulfuric  acid  at  these  temperatures  is  easily  able  to  supply  the  water  require¬ 
ments  of  the  fuel  reaction  at  this  electrode. 

Figure  A-5 

Performance  of  Butane 
Fuel  on  Pt-Teflon  Electrode 
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Part  b  -  Rate  Limiting  Steps 


While  the  anodic  activity  of  butane  is  about  five  times  that  of  decane,  the 
rate  limiting  step  appears  to  be  the  same,  as  evidenced  by  the  similarity  of  the 
diagnostic  criteria.  As  in  the  case  of  decane  the  voltage  scan  technique  was  used 
to  measure  the  accumulation  of  an  electrochemically  reactive  species.  Voltage  scan 
data  at  various  scan  speeds  and  temperatures  were  obtained  to  augment  the  steady 
state  performance  curves.  With  butane,  as  with  decane,  the  rate  of  accumulation  of 
coulombs  due  to  hydrocarbon  was  slow  (Appendix  A-7)  and  the  limiting  slope  was  of 
the  same  order  of  magnitude  as  the  limiting  current.  The  energy  of  activation  of 
the  limiting  process  is  ten  kilocalories  per  mole,  again  suggestive  of  a  chemical 
reaction  rate  limitation,  though  not  as  conclusively  as  in  the  case  of  decane.  The 
Tafel  slope  corresponds  to  an  electrochemical  transfer  coefficient  of  one  half  just 
as  for  gas  phase  decane  (Table  A-l). 


Table  A-l 


Summary  of  Butane-Decane  Comparison 


Liquid 

Decane 

Gaseous 

Butane 

Voltage 

Scan 

Steady 

State 

Voltage 

Scan 

Steady 

State 

Open  Circuit  Polarization 
(volts) 

-- 

0. 1-0.2 

-- 

~  0.0 

Approximate  Limiting 

Current  (ma/cm^) 

7 

10 

37 

25 

Activation  Energy 
(kcal/mole) 

14 

10 

(  20*) 

Scan  Time  Dependency 

linear 

nearly 

linear 

— 

Tafel  Slope  (volts/decade) 

-- 

(0.12**) 

-- 

0.10-0.14 

Acid  Cone  Dependency 

sharp 

minimum 

slight 

slight 

none 

Fuel  Cone  Dependency 
(d  log  I/d  log  c) 

i 

<% 

•a 

*  In  the  Tafel  region  only. 

**  Observable  with  a  gaseous  feed. 


A  brief  comparison  was  made  of  the  effect  of  14.7  M  phosphoric  acid  elec¬ 
trolyte  on  butane  performance  at  150°C  on  the  Pt-Teflon  electrode.  Butane  feed  was 
used  in  both  pre-equilibr ated  and  dry  state.  Just  as  with  decane,  it  was  found  that 
little  difference  existed  between  dry  and  vapor  equilibrated  feed  and,  surprisingly, 
that  butane  performance  at  150°C  in  this  electrolyte  was  no  better  than  performance 
at  100°C  in  3.7  M  sulfuric  acid.  This  behavior  must  in  some  way  be  related  to  the 
particular  structure  under  study  here,  since  it  is  known  that  increased  temperature 
(and  change  in  phosphoric  acid  electrolyte)  produces  the  expected  response  when 
applied  in  conjunction  with  the  sintered  Pt-Teflon  structure.  Phase  6,  Part  b.  No 
further  explanation  of  this  effect  is  yet  available. 
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There  were  two  differences  between  the  behavior  of  butane  and  decane. 

Changes  in  sulfuric  acid  concentration  had  essentially  no  effect  on  butane  activity, 
whereas  there  was  an  effect  in  the  decane  case.  This  phenomenon  is  not  yet  under¬ 
stood.  Secondly,  butane  limiting  currents  were  not  linearly  related  to  fuel  concen¬ 
tration,  or  partial  pressure.  In  contrast  to  decane,  the  fuel  concentration  dependency 
was  less  than  square  root  (Appendix  A-8).  This  may  merely  be  a  reflection  of  the 
higher  chemical  reactivity  of  butane,  which  maintains  the  surface  coverage  of  reactive 
species  nearer  saturation  than  is  the  case  with  decane. 

In  short,  in  its  general  characteristics  the  butane  reaction  provides  a 
more  active,  reliable  and  reproducible  system  for  catalyst  testing  .than  does  decane, 
at  the  same  time  involving  catalytic  limitations  similar  to  those  inherent  in  the 
oxidation  of  the  heavier  fuels.  The  word  "limitation"  needs  qualification,  however. 

The  Tafel  slopes  and  limiting  currents  observed  here  apply  to  a  given  electrode 
structure  and  available  catalyst  area.  There  are  undoubtedly  factors  which  can 
change  the  amount  of  surface  area  available  for  reaction  and  thereby  shift  the 
activity  curves  to  higher  or  lower  current  densities.  The  existence  of  catalyst 
limitations  therefore  does  not  preclude  the  simultaneous  existence  of  physical  or 
structure  limitations  of  equal  importance.  Some  of  these  are  discussed  below. 

Phase  3  -  Flooding  Measurements 

Visual  observations  indicated  that  wetting  problems  are  a  key  factor  limit¬ 
ing  catalyst  utilization  with  a  liquid  fuel.  The  plat inum- Teflon  electrodes  wet 
readily  with  decane  but  do  not  wet  with  aqueous  electrolyte.  Hence,  when  these 
electrodes  are  positioned  at  a  decane-electrolyte  interface  their  pores  will  be 
occupied  mainly  by  the  decane,  which  is  an  electrical  insulator.  A  number  of  experi¬ 
ments  verified  this. 

In  one  experiment  voltage  scans  were  obtained  on  an  electrode  exposed  to 
electrolyte  on  both  sides  and  then  exposed  to  decane  on  one  side,  electrolyte  on  the 
other.  The  total  number  of  coulombs  in  the  hydrogen  and  oxide  peaks  and  in  the  elec¬ 
trode  capacitance  were  determined  by  integration  of  the  scan  in  each  case.  The  re¬ 
sults  indicated  twenty  times  as  much  reactive  platinum  surface  area  in  the  absence 
of  decane  as  in  its  presence. 

In  another  experiment  an  electrode  was  weighed  after  exposure  to  pure 
electrolyte,  pure  decane,  and  both  in  an  operating  half  cell.  From  the  difference 
in  densities  between  decane  and  electrolyte  (0.7  versus  1.2,  respectively)  it  was 
possible  to  calculate  the  amount  of  electrolyte  in  the  electrode.  Again,  the  re¬ 
sults  showed  that  an  operating  electrode  is  95%  flooded  by  liquid  decane  (Table  A-2). 


Table  A-2 


Measurements  of  Decane  Flooding 


Electrode  Condition 

Voltage  Scan 

Weighing  Measurement 

Total 

Milli- 

Coulombs 

Fraction 
Filled  With 
Electrolyte 

Weight,  mg. 
Minus  Solids 

Fraction 
Filled  With 
Electrolyte 

Exposed  to  Electrolyte 

59 

1.00 

103 

0.77(1) 

Exposed  to  Decane 

-- 

-- 

77 

0.00 

In  Cell  After  20  Min 

-- 

-- 

88 

0,20 

In  Cell  After  >2  Hrs 

3.1 

0.05 

80 

0.055 

(1)  Some  air  probably  trapped  in  pores. 
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In  another  series  of  experiments,  the  extent  of  decane  flooding  was 
determined  by  adding  2  volume  %  methanol  to  the  electrolyte  and  measuring  the  methanol 
limiting  current  before  and  after  operation.  Earlier  studies  had  shown  that  the 
limiting  currents  obtained  with  dissolved  methanol  fuel  were  directly  proportional 
to  the  platinum  surface  area.  Therefore,  these  limiting  currents  could  be  used  as 
a  measure  of  the  catalyst  surface  area  exposed  to  electrolyte  or  unflooded  by  decane. 

As  can  be  seen  from  Table  A-3,  about  half  the  surface  area  was  lost  when  the  electrolyte 
on  one  side  of  the  porous  electrode  was  replaced  by  decane,  and  over  85%  was  lost 
after  a  decane  run  (with  me thanol-f ree  electrolyte)  of  several  hours  duration.  This 
is  in  qualitative  agreement  with  the  other  flooding  experiments,  since  different 
electrode  structures  were  used.  All  the  measurements  indicate,  that  flooding  by  fuel 
is  a  major  problem,  of  the  order  of  90%  of  the  internal  electrode  surface  area  being 
lost  due  to  it. 


Table  A-3 


Results  of  Methanol  Tests  to 
Determine  Extent  of  Decane  Flooding 


When  Tested^3) 

— 

Chamber  Contents^) 

Estimated  Limiting 
Curr'ent ,  ma/ cm2 

Fuel 

Electrolyte 

Before 

M 

M 

1100 

Before 

D 

M 

520 

After 

D 

M 

140 

(a)  Relative  to  decane  oxidation  run. 

(b)  M  =  2  vol  7.  methanol  in  307o  sulfuric  acid,  D  =  decane. 


The  barrier  electrodes,  modified  electrolytes, and  gas  phase  feeding  systems 
reported  below  are  essentially  attempts  to  overcome  this  flooding  problem. 

Phase  4  -  Electrode  Structure 

In  view  of  the  large  effects  of  flooding  on  available  catalyst  surface  area 
it  was  felt  that  structural  modifications  which  could  alter  tin  three  phase  contact  region, 
could  produce  sizable  performance  improvements.  Therefore,  a  program  was  begun  to 
optimize  the  structure  of  liquid  decane  electrodes. 

Part  a  -  Fabrication  Variables 

Xn  preliminary  experiments  a  number  of  mechanical  variables  were  examined 
In  order  to  establish  an  optimum  base  case.  Electrodes  were  prepared  by  pressing 
dry  mixtures  of  commercial  Pt- black  and  binder  (Teflon  and  other  hydrophobic  plastics) 
into  tantalum  or  platinum  screens.  They  were  evaluated  in  ./  M  sulfuric  acid  at 
105 °C  on  liquid  decane  galvanostat ically  in  a  setup  similar  to  that  described  in 
Appendix  A-2.  Due  to  the  occasional  occurance  of  voltage  oscillations  and  other 
time  dependent  behavior,  performance  data  is  not  reported  unless  the  voltage  at 
each  current  density  remained  constant  for  at  least  two  hours  with  a  slope  of  less 
than  ten  millivolts  per  hour.  As  the  electrode  preparation  and  operation  techniques 
improved,  the  occurrence  of  time  dependent  phenomena  became  increasingly  rare. 
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It  was  first  found  that  care  in  the  pressing  of  electrodes  was  important. 
Simply  leveling  the  dry  powder  in  a  circular  restraining  ring  prior  to  pressing 
doubled  the  current  outputs.  Ballmilling  the  catalyst-Tef Ion  mixtures  for  more  uniform 
dispersion  had  no  benefit,  however  (Appendix  A- 9). 

Tests  were  made  to  evaluate  the  effect  of  platinum  catalyst  loading  in  a 
given  electrode  structure.  Electrodes  were  prepared  having  catalyst  loadings  from 
25  to  200  mg  platinum/cm^ .  Although  the  current  densjty  at  0.4  volts  polarization  in 
creased  steadily  as  catalyst  ding  increased,  the  utilization  of  this  catalyst 
decreased.  As  shown  in  Figure  A-6  and  Appendix  A- 9,  catalyst  utilization  at  0.4 
volts  polarization  decreased  from  0.12  ma/mg  Pt  to  0.05  ma/mg  Pt  as  catalyst  load¬ 
ing  increased  from  25  to  200  mg  Pt/cm^. 


Figure  A-6 
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Variation  of  Electrode 


Performance  with  Catalyst  Loading 


When  the  amount  of  plastic  binders  and  the  ratio  of  catalyst  to  plastic 
were  varied  over  wide  ranges,  large  variations  in  decane  activity  resulted.  An 
attempt  was  made  to  establish  exact  cause  and  eftect  relations  for  these  observations. 
However,  the  fabrication  techniques  available  did  not  appear  to  be  capable  of  adequately 
controlling  the  underlying  factors,  such  as  the  distribution  of  pore  diameters  and 
lengths.  A  partial  correlation  of  activity  was  possible  with  the  measured  thickness 
of  the  catalyst  pad.  Catalyst  utilization  appeared  to  reach  an  optimum  at  an  elec¬ 
trode  thickness  near  40  mils.  The  peak  value  was  0.14  ma/mg  Pt  at  0.5  volts  polariza¬ 
tion,  although  there  was  a  large  variation  of  this  number  due  to  the  lack  of  control 
over  complex  factors  mentioned  above  (Figure  A-7  and  Appendix  A~9). 
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Figure  A- 7 


Effect  of  Electrode  Thickness  on  Catalyst  Utilization 
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however,  since  most  of  the  electrodes  we re  made  up  to  a  fixed  catalyst  loading  in 
terms  of  mg/cm^ ,  the  electrode  thickness  correlated  with  the  fraction  of  platinum 
relative  to  the  total  solids  on  the  electrode.  Therefore,  the  platinum  utilisation 
could  also  be  plotted  against  the  apparent  platinum  density  in  terms  of  mg/ctn  \  again 
to  yield  a  maximum  at  2  ing/cm^. 

The  results  may- be  considered  is  indicative  of  a  diffuse  three  phase  con¬ 
tact  area  which  reaches  an  optimum  thickness  or  catalyst  density.  The  optimum  does 
not  seem  to  be  related  to  electrolyte  or  electronic  ohmic  resistance,  as  indicated 
by  separate  expor imeii L s  showing  these  1  actors  to  be  negligible.  Wetting,  flooding, 
and  contacting  problems  appear  to  be  more  significant  than  resistance  losses. 
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Parc  b  -  Barrier  Electrodes 


The  fuel  flooding  of  platinum-plastic  electrodes  could  be  reduced  by 
inserting  a  porous  plastic  barrier  on  the  decane  side  of  the  electrode.  The  first 
material  evaluated  as  a  barrier  was  a  porous  Teflon  disc  of  nine  micron  average 
pore  diameter.  The  barrier  may  serve  two  purposes.  On  the  one  hand  it  may  control 
the  feeding  of  decane  to  the  electrode  by  preferential  wetting  and  capillarity.  It 
was  observed  that  the  porous  Teflon  would  soak  up  decane  readily  but  would  not  dis¬ 
charge  it  into  an  electrode  without  an  applied  hydrostatic  head.  When  half  cells 
were  assembled  using  presoaked  barriers  the  electrodes  remained  at  the  platinum 
oxide  potential  until  a  head  of  liquid  decane  was  applied.  The  electrodes  then 
attained  their  open  circuit  potential  instantaneously. 

On  the  other  hand  the  barrier  may  merely  permit  the  use  of  lower  electrode 
fabrication  pressures,  which  are  generally  beneficial  to  performance.  Lower  fabri¬ 
cation  pressures  give  electrodes  that  are  more  easily  penetrated  by  both  phases  but 
which  leak  and  are  weak.  The  barrier  strengthens  such  electrodes  and  prevents  leakage. 

Figure  A-8  illustrates  the  twofold  current  density  advantage  of  a  lightly 
pressed  (200  psi)  electrode  operated  with  the  barrier  on  the  fuel  side  at  100°C  in 
3.7  H  sulfuric  acid  over  non-barrier  electrodes  (See  Appendix  A-10). 


Figure  A-8 

Effect  of  Porous  Teflon  Barrier  on 
Decane  Performance 
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Whatever  the  mechanism  of  the  barrier  improvement,  it  appears  that  it  is 
not  acting  merely  to  control  the  rate  of  fuel  flow  to  the  anode.  Increasing  the 
barrier  thickness  from  62  to  375  mils  had  essentially  no  effect  on  performance 
(Appendix  A-10). 

An  improvement  in  structural  stability,  which  did  not  affect  performance 
significantly,  was  made  by  substituting  a  Teflon  emulsion  (DuPont  "41BX")  for  the 
Teflon  7  powder.  The  former  has  a  particle  size  in  the  0.1  micron  range  as  com¬ 
pared  to  the  latter's  ten  or  more  micron  size.  Mixing  of  the  emulsion  with  catalyst 
yields  a  homogeneous  gel  whereas  mixtures  of  the  powder  with  catalyst  require  con¬ 
siderable  agitation  or  ballmilling  to  obtain  a  uniform  coating.  The  finished  elec¬ 
trode  prepared  from  the  Teflon  emulsion  has  greater  strength  and  homogeneity  than 
the  Teflon  7  electrodes. 

Overall,  both  of  these  types  of  barrier  electrodes  gave  generally  superior 
catalyst  utilization  to  the  electrodes  without  barriers  tested  earlier,  although  the 
range  was  wide  (Table  A-5) .  A  statistical  "t"  test  showed  that  the  difference  between 
the  two  types  of  electrodes  was  significant  at  greater  than  99.9%  confidence. 

Table  A-5 

Comparison  of  Performances  of  Electrode  Structures 


Electrode 


With  Barriers 


No.  Tested 


Catalyst  Utilization  at 
0.5  Volts  Polarized,  ma/mg  Pt 


Average  Maximum 
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Attempts  to  fabricate  barriers  from  Teflon  7  powder  have  not  as  yet  been 
successful.  Performance  improvements  over  the  non-barrier  system  have  been  obtained 
but  the  commercial  porous  Teflon  barrier  gives  the  best  performance  so  far.  Fail¬ 
ure  of  the  fabricated  barriers  appears  visually  to  be  due  to  fuel  starvation  rather 
than  flooding  (Appendix  A- 10). 

A  number  of  other  barrier  systems  have  also  shown  promise  in  fuel  flooding 
control.  For  example,  the  carbon  membrane  structures  described  in  Report  4  improved 
the  performance  of  platinum  Teflon  electrodes  (Appendix  A- 10). 

In  short,  porous  Teflon  barriers  appear  to  be  able  to  control  fuel  flooding 
to  some  extent,  probably  by  permitting  lightly  pressed,  more  porous  structures  to  be 
used.  Electrodes  equipped  with  them  have  given  the  best  stable  liquid  decane  per¬ 
formance  yet  obtained  at  100°C.  Further  improvement  is  still  required,  however. 

Other  means  to  control  flooding  were  therefore  examined  as  explained  below. 

Phase  5  -  Electrolyte  Variations 

A  number  of  electrolyte  modifications  were  made,  primarily  to  alter  the 
wetting  properties  of  the  electrolyte  in  its  competition  with  the  fuel  for  the 
catalyst  surface,  but  also  to  permit  raising  the  temperature  and  testing  for  any  harm¬ 
ful  influence  of  sulfate  ions. 

Part  a  -  Fluorinated  Acids 

The  first  substance  examined  in  this  study,  perf luorobutyric  acid,  was 
selected  because  its  solutions  wet  Teflon,  having  a  Teflon-like  group  at  one  end  of 
the  molecule  and  a  carboxylic  acid  group  at  the  other.  It  was  expected  to  be  able 
to  compete  with  decane  more  successfully  than  sulfuric  acid  could  for  the  surface 
of  the  Teflon.  It  would  permit  the  electrolyte  to  penetrate  the  electrode  structure 
more  easily  and  thereby  eliminate  some  of  the  area  loss  due  to  fuel  flooding  encountered 
with  sulfuric  acid.  The  perf luoroacids  are  also  stable  to  oxidation  and  hydrolysis. 

They  are  highly  ionized  and  therefore  highly  conductive.  Subsequently  perfluoro- 
glutaric  acid  was  examined  because  of  its  higher  boiling  point  and  lower  equivalent 
weight,  despite  the  fact  that  its  solutions  do  not  w*_t  Teflon  as  well. 

Initial  tests  with  perf luorobutyric  acid  on  a  platinum-Tef Ion  electrode 
indicated  that  the  improved  wetting  properties  of  the  electrolyte  were  beneficial 
to  liquid  decane  performance  but  harmful  to  the  performance  of  a  gaseous  fuel,  ethane, 
as  would  be  expected  from  the  improved  electrolyte  wetting  properties  (Table  A -6). 


Table  A- 6 

Comparative  Performance  of  Per f luorobutyric  and  Sulfuric  Acids 
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Of  particular  interest  was  the  observation  that  with  a  thin  carbon  elec¬ 


trode,  where  fuel  flooding  is  normally  very  severe,  the  new  electrolyte  permitted 
some  current  to  be  drawn.  Since  the  carbon  based  electrodes  have  catalyst  loadings 
significantly  less  than  that  of  the  usual  platinum-Tefl  on  electrodes  1-3  mg/cm2 
versus  20-100  mg/cm2),  the  new  electrolyte  may  permit  improvements  in  catalyst 
utilization  (Table  A-7  and  Appendix  A- 11). 


Tapje  A- 7 

Catalyzed  Carbon  and  Pt-Teflon  Electrodes 
In  1.4  M  Heptaf luorobutyric  Acid  at  95°C 


Catalyst 

Loading, 

Current  Density  at 

Specific  Current 

Electrode  Type 

mg/ cm2 

0.5  Volts  Polarization,  ma/cm2 

Density,  ma/mg 

Catalyzed  Carbon 

3 

4 

1.3 

Pt-Teflon 

50 

8 

0.  16 

Preliminary  work  was  also  carried  out  on  hexaf luoroglutaric  acid  because 
of  its  higher  boiling  point.  The  maximum  operating  temperature  range  of  hexafluoro- 
glutaric  acid  solutions  was  determined  from  boiling  point  measurements  of  solutions 
of  various  concentrations.  Its  solutions  were  far  more  ideal  than  those  of  sulfuric 
or  phosphoric  acids, reaching  a  boiling  point  of  only  120. 5°C  at  80  wt  %  concentration 
From  the  boiling  point  elevation  it  was  possible  to  estimate  that  the  solutions  were 
nearly  totally  ionized  up  to  at  least  407.  concentration  (2.8  Molar). 

Using  decane  as  the  fuel  and  a  PDT  electrode,  a  1.25  M  hexaf luoroglutaric 
acid  solution  was  evaluated  at  100- 105 °C.  It  gave  about  the  same  limiting  current 
density  as  3.7  M  sulfuric  acid  (10.5  ma/cm2  at  0.5  volts  polarized  as  compared  to 
12.5  ma/cm2  for  sulfuric  acid).  However,  at  lower  polarizations  the  fluoro  acid 
gave  somewhat  higher  current  densities.  As  indicated  in  Figure  A-9,  increased  fluoro 
acid  concentration  results  in  markedly  lower  performance.  An  electrolyte  additive 
to  be  discussed  below,  improved  its  performance. 
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Part  b  -  Electrolyte  Additive 


Current  Density,  ma/cm 


Studies  carried  out  prior  to  the  inception  of  this  contract  have  shown 
that  certain  electrolyte  additives,  stable  to  oxidation,  could  give  factors  of  two 
to  three  improvement  in  current  density  with  liquid  decane.  One  of  these  was 
tested  with  the  new  barrier  electrodes  and  still  found  to  be  effective  (Table  A-8). 
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These  results  are  quite  promising  in  view  of  the  fact  that  no  attempt  was  made  to 
optimize  the  electrode  for  this  electrolyte.  Physical  limitations  may  be  the  reason 
for  the  linear  polarization-current  density  curve.  The  results  show  incidentally 
that  sulfate  ions  are  not  having  any  specific  harmful  effect.  The  new  acids  offer 
another  "degree  of  freedom"  in  the  optimization  of  the  structural  and  wetting 
properties  of  liquid  fuel  electrodes. 
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Figure  A-9 


Performance  of  Hexaf luoroglutaric  Acid  Electrolytes 


Decane  Fuel,  100-105  C,  PDT  Electrodes 
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Such  additives  continue  to  appear  promising  and  are  being  used  frequently 
for  electrode  structure  optimization  studies  (Appendix  A- 10). 

Part  c  -  Phosphoric  Acid  Electrolytes 

Phosphoric  acid  electrolytes  were  also  examined  using  liquid  decane  fuel 
with  two  types  of  electrode  structures.  In  both  cases,  the  use  of  14.7  M  phosphoric 
acid  at  150°C  gave  only  minor  performance  improvements  over  3.7  M  sulfuric  acid  at 
105°C  despite  the  45  °C  rise  in  temperature  (Table  A-  9 ) . 


Current  Density,  ma/cm^ 

Additive  Cone,  wt  % 

at  0.5  Volts  Polarization 

None 

6.6 

0.1 

12.5 

Table  A- 9 

Phosphoric  Acid  Performance 
(50  mg  Pt/cm^) 


Electrode 

Acid 

Temp,  °C 

Current  Density,  ma/cirr 
at  0.5  Volts  Polarization 

Carbon 

3.7  M  H2SO4 

105 

6.5 

Barrier 

14.7  M  K3PO4 

150 

7.4 

Pt  8515 

3.7  M  H2S04 

105 

9.0 

Pt  8515 

14.7  M  H3PO4 

150 

10.0 

The  best  liquid  decane  performance  at  150°C  in  phosphoric  acid  was  inferior 
to  the  best  obtained  in  sulfuric  acid  at  105°C.  Physical  factors  limiting  the 
reactivity  of  the  liquid  fuel  may  be  over-riding  the  possible  benefits  of  higher 
temperatures . 

A  brief  examination  of  the  conductivity  of  mixed  sulfuric  acid  and  phos¬ 
phoric  acid  electrolytes  at  room  temperature  was  made  to  determine  whether  the 
protonation  of  one  acid  by  the  other  might  produce  an  increase  in  conductivity 
at  low  water  contents.  Such  a  finding  could  be  useful  in  overcoming  the  startup 
problem  with  concentrated  phosphoric  acid  electrolytes  and  could  also  provide  a 
lower  temperature  electrolyte  of  simpler  water  balancing  problems. 

The  conductivity  measurements  indicated  small  conductivity  maxima  at  fixed 
water  contents,  the  optimum  conductivity  being  slightly  higher  than  in  solutions  of 
sulfuric  acid  alone  (Appendix  A-12).  Such  acid  mixtures  are  to  be  tested  with 
decane . 


Phase  6  -  Gas  Phase  Testing 

To  determine  how  much  of  an  improvement  in  decane  performance  could  be 
achieved  by  structure  optimization,  decane  was  fed  as  a  gas  to  an  electrode  system 
known  from  other  studies  to 'be  optimum  for  gaseous  fuels.  The  gaseous  feed  was 
expected  to  eliminate  fuel  flooding  problems. 

Part  a  -  Electrode  Preparation 

Sintered  platinum-Tef Ion  electrodes  were  prepared  using  emulsified  Teflon 
(Dupont-41BX) .  The  electrode  consisted  of  85%  commercial  platinum,  15%  Teflon 
(skimmed)  emulsion  (by  weight),  cold  pressed  at  500  psi(to  reject  water)  and  sintered 
for  one  minute  at  343  °C  and  1100  psi  (Dixon  Graph-Air  was  used  as  the  mold  release). 
The  performance  of  this  class  of  electrodes  was  evaluated  in  14.7  M  phosphoric  acid 
electrolyte  at  150°C. 

Part  b  -  Butane  Performance 

These  electrodes  were  first  checked  with  butane  gas.  Performance  was 
excellent.,  with  200  ma/cm2  available  at  0.28  volts  polarization,  and  a  limiting 
current  of  about  400  ma/cm2  (Figure  A-10  and  Appendix  A- 13). 


Figure  A -10 


Performance  of  Butane  on  Sintered 
Pt-Teflon  Emulsion  Electrode 
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Operation  was  found  to  be  essentially  identical  using  either  dry  or  pre¬ 
equilibrated  fuel.  The  excellent  performance  of  this  electrode  structure  is  highly 
specific  to  the  particular  electrolyte  and  temperature.  When  operated  in  3.7  M 
sulfuric  acid  at  100°C, performance  was  markedly  impaired,  giving  a  limiting  current 
of  25  ma/cm^  with  10  ma/cm^  available  at  0.12  volts  polarization. 

Part  c  -  Decane  Performance 

Two  modes  of  delivery  of  gaseous  decane  were  examined,  steam  distillation 
and  vaporization  into  a  carrier  gas.  In  the  steam  distillation  experiments,  decane 
vapor  was  carried  to  the  electrode  by  a  boiler  vessel  containing  657,  sulfuric  acid. 
The  steara-decane  mixtures  were  supplied  to  the  fuel  chamber  at  140°C.  In  the  carrier 
gas  experiments  decane  was  evaporated  into  a  stream  of  flowing  argon  from  a  boiler 
held  at  150°C.  Fuel  partial  pressure  was  checked  by  dewpoint  measurements. 

The  current  densities  achieved  with  either  type  of  gaseous  feed  were  of  the 
order  of  ten  times  higher  at  a  given  polarization  than  those  obtained  with  liquid 
decane  or  with  gaseous  decane  using  a  Pt-powdered  Teflon  electrode  (Figure  4-11  and 
Appendix  A- 13). 


Figure  A-ll 

Performance  of  Decane  on 
Sintered  Pt-Teflon  Emulsion  Electrode 


28 


Performance  with  the  steam  carrier  gas  appeared  to  be  superior  to  the  argon, 
with  50  ma/cm^  available  at  0.35  volts  polarization  as  opposed  to  30  ma/cm2  for 
argon  carrier  gas.  Limiting  currents  of  about  100  ma/ cm2  were  reached.  However, 
considerable  voltage  oscillation  was  observed  between  50  and  100  ma/cm^.  These 
appeared  to  be  associated  with  temperature  fluctuations. 

This  electrode  system,  as  is,  is  unstable  for  practical  use  because  it 
appears  lO  be  attacked  at  150°C  in  14.7  M  phosphoric  acid.  Small  pinhole  cracks 
appear  due  to  eitner  temperature  or  acid  attack  which  eventually  cause  leakage  of 
fuel  and  electrolyte.  One  solution  is  to  provide  auxiliary  interface  maintaining 
components  such  as  a  barrier.  The  use  of  a  9  micron  porous  Teflon  barrier  as  an 
interface  holder  has  been  beneficial.  As  indicated  in  Figure  A-12,  the  barrier  elec¬ 
trode  performance  was  excellent,  with  80  ma/cm2  available  at  0.5  volts  polarized 
and  a  limiting  current  of  about  140  ma/cm^. 


Figure  A-12 


Performance  of  Gaseous 
Decane  on  Barrier  Electrode 


As  with  the  non-barrier  systems,  oscillations  were  observed  above  40-50  ma/cm'. 
However,  the  maximum  polarization  at  each  current  was  plotted  in  Figure  A-12. 
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The  performance  of  these  electrodes  with  gaseous  fuels  offers  a  promising 
means  of  utilizing  hydrocarbons  in  a  fuel  cell  provided  the  problems  associated  with 
operating  at  150°C  with  phosphoric  acid  can  be  solved.  These  problems  include 
corrosion,  electrode  structural  stability  and  cell  heat  and  water  balance.  In  terms 
of  the  objective  of  using  a  liquid  hydrocarbon,  these  results  do  no  more  than  con¬ 
firm  the  importance  of  structural  effects  and  their  extreme  specificity,  and  rein¬ 
force  the  hope  that  relatively  small  adjustments  in  electrode  wetting  properties 
can  produce  large  performance  improvements.  This  type  of  electrode  shows  no  advantage 
at  100°C  in  3.7  M  sulfur'c  cid  with  butane  fuel  over  the  cold  pressed  electrodes 
made  with  powdered  Teflon.  In  fact,  with  liquid  dccane  at  100°C  this  present  elec¬ 
trode  is  distinctly  inferior  to  the  powdered  Teflon  type. 

Phase  7  -  Noble  Metal  Catalysts 

Several  noble  metal  catalysts,  particularly  those  that  had  shown  promise 
in  the  methanol  work,  were  evaluated  on  saturated  hydrocarbon  fuels.  The  results 
obtained  were  not  considered  as  the  final  verdict  on  the  "true"  catalytic  properties 
in  view  of  the  large  effects  of  electrode  structure  and  wetting  properties  on  per¬ 
formance  that  had  been  detected  earlier.  Changes  in  grain  size  and  density  and 
hydrophobicity  might  well  mask  variations  in  catalytic  ability.  Nevertheless  signi¬ 
ficant  comparisons  could  be  obtained. 

Part  a  -  Catalytic  Activity  of  Several 

Noble  Metals  with  Liquid  Decane 

The  catalytic  activity  of  selected  noble  metals  as  fuel  cell  electrodes 
was  examined  in  order  to  discern  whether  catalytic  activity  could  be  simply  related 
to  some  basic  property  of  the  metal.  A  recent  article  (_6)  suggests  that  for  a 
large  number  of  processes  the  catalytic  effectiveness  of  various  metals  is  linearly 
related  to  their  surface  tensions. 

Metallic  rhodium,  iridium  and  platinum  were  prepared  by  reduction  of 
appropriate  salts  by  each  of  two  methods,  sodium  borohydride  reduction  and  a  special 
high  temperature  reduction  technique.  Attempts  to  reduce  zirconium  salts  to  the 
free  metal  were  unsuccessful.  A  white  oxide  of  zirconium  was  the  product  of  this  reaction. 


The  examination  of  the  data  obtained  from  evaluation  of  these  materials 
(Appendix  A-14)  failed  to  suggest  any  obvious  relationship  between  basic  metal 
properties  and  their  effectiveness  as  fuel  cell  catalysts.  In  fact  the  'factor  that 
tended  to  exert  the  greatest  influence  on  performance  was  the  manner  in  which  the 
catalyst  was  prepared.  Thus,  commercial  platinum  black  demonstrated  performance 
obviously  superior  to  those  of  the  two  platinum  blacks  prepared  by  NaBH4  and  high 
temperature  reduction  respectively.  These  results,  plus  the  observation  that  neither 
platinum- ruthenium  (40%)  nor  platinum- rhodium  prepared  by  similar  methods  possesses 
any  distinctive  performance  advantage  over  ordinary  commercial  platinum  served  to 
strengthen  the  impression  that  the  method  of  catalyst  preparation  is  a  variable 
deserving  specific  nd  detailed  attention  in  current  fuel  cell  studios.  This  factor, 
in  addition  to  the  electrode  structural  factors  mentioned  earlier,  makes  general 
comparisons  between  different  metals  difficult  but  on  the  other  hand  greatly  in¬ 
creases  the  number  of  cat, lyst  possibilities. 


Part  b  -  The  Preparation  of  High  Surface  Area  Platinum  Black 


The  most  obvious  way  of  improving  the  catalytic  activity  of  platinum 
black  is  to  increase  its  surface  area.  This  was  achieved  quite  simply  by  co-precipi- 
tating  platinum  and  aluminium  hydroxide  in  a  procedure  that  takes  advantage  of  the 
fact  that  the  aluminate  ion  is  precipitated  as  a  high  surface  area  gel  by  acid.  The 
acidity  can  be  furnished  either  by  the  noble  metal  compounds  themselves  e.g.  H2PtCl6 
or  by  the  addition  of  excess  mineral  acid  and  finally  by  the  aci  that  is  invariably 
produced  by  reducing  agents  which  do  not  liberate  hydrogen  from  the  solvent.  For 
examp le 


2  HCOOH  +  PtClft-  - ►  Pt°  +  2  CO?  +  6  Cl'  +  4  H+ 

4  H+  +  4  A1(0H)~4  - ►  4  H2O  +  4  A1(0H)3 

The  noble  metal  is  then  adsorbed  and  reduced  simultaneously  or  sequentially 
on  the  alumina  surface.  The  alumina  is  readily  redissolved  in  either  acid  or  base 
resulting  in  a  high  surface  area  catalyst.  The  surface  area  of  a  particular  reduction 
can  be  varied  by  varying  the  rati o  of  aluminum  hydroxide  precipitated  to  metal  re¬ 
duced  . 


Although  this  procedure  has  not  as  yet  been  optimized  with  regard  to  reaction 
conditions,  initial  experimental  results  using  formaldehyde  us  the  reducing  agent 
have  been  encouraging.  In  a  typical  preparation  a  M  sodium  aluminate  solution 
was  titrated  with  3.7  M  H2SO4  until  precipitation  began.  An  equal  volume  of  U.S.P. 
Formalin  was  added  along  with  half  the  volume  of  0.073  M  chloroplatinic  acid. 

After  standing  16  hours  the  precipitate  was  centrifuged  and  the  aluminum  hydroxide 
dissolved  in  6  M  KOH  overnight.  The  remaining  platinum  was  washed  with  water.  In 
different  runs  platinum  blacks  with  surface  area  50-90%  greater  than  that  of  com¬ 
mercially  available  products  have  been  obtained  (Table  A- 10).  The  fuel  cell  per¬ 
formance  of  these  materials  on  decane  (Appendix  A- 14)  and  on  methanol  is  likewise 
improved . 


Table  A- 10 


Comparison  of  Platinum  Catalysts 


Formaldehyde- 

Commercial 

Aluminate 

Surface  Area 

(%  Theoretical  Monolayer) 

10 

16 

Decane  Current  Density  (ma/cm^) 

100°C,  0.34  volts  polarized 

3.5 

7 

Methanol  Current  Density  (ma/c.m^) 
60°C,  0.45  volts  polarized 

20 

60 

Surface  area  measurement  studies  have  also  led  to  the  conclusions  that 
little  if  any  platinum  is  buried  in  pressing  techniques  employed  to  make  electrodes, 
and  that  little,  if  any  platinum  surface  area  is  lost  during  its  use  in  a  decane 
anode  (Table  A- 11). 
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The  general  approach  of  using  various  reducing  agents  and  additives  to 
modify  the  crystal  structure  and  surface  area  of  platinum  or  other  noble  metal 
catalysts  appears  to  offer  promise  as  a  means  of  improving  activity. 

Part  c  -  Use  of  P-type  Catalyst  with  Liquid  Decane 

Two  types  of  experiments  were  run  to  determine  whether  P-type  catalyst 
would  show  activity  on  liquid  decane  in  "non-static"  systems.  In  one  procedure, 
the  catalyst,  mounted  in  a  Pt  screen,  was  first  boiled  for  one-half  hour  in  decane 
and  then  placed  in  3.7  M  sulfuric  acid  at  95°C.  It  was  found,  as  shown  in  Figure 
A- 13 ,  that  current  densities  as  high  as  100  ma/cm2  could  be  achieved.  However, 
these  performance  levels  were  of  temporary  duration,  although  at  10  ma/ cm2  the 
activity  was  maintained  for  up  to  several  hours.  At  the  highest  currents,  constant 
polarization  performance  could  be  achieved  for  only  several  minutes,  followed  by  a 
rapid  increase.  There  was,  however,  no  coulombic  correlation  between  the  various 
current  densities.  A  blank  was  run  with  a  P-type  electrode  which  was  not  reacted 
with  dccane  and  essentially  no  activity  was  obtained. 
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Figure  A-13 

Initial  Performance  of  P-type  Catalyst 


In  the  second  method,  a  fresh  P-type  electrode  was  simply  positioned  at 
a  decane- -  3 . 7  M  sulfuric  acid  interface  at  100°C.  Up  to  about  30  ma/cm2,  similar 
performance  to  the  above  was  f ound ,  but  it  failed  at  higher  levels.  In  both  cases, 
the  initial  activities  shown  in  Figure  A- 1 3  could  not  be  regained  by  treating  again  in 
decane.  Thus,  although  the  P-type  catalyst  appears  to  ha^e  activity  toward  decane, 
it  is  irreversibly  deactivated  with  use.  Further  work  will  be  necessary  to  define 
and  prevent  this  deactivation. 

Part  d  -  Performance  of  Butane  on  Methanol  Type  Catalysts 

A  few  experiments  were  carried  out  to  test  the  performance  of  typical 
active  methanol  catalysts  on  hydrocarbon  fuel.  Catalysts  tested  included  Pt-Ru, 

Ir-Ru  and  a  ruthenium  modified  P-type  catalyst.  Tests  were  conducted  in  3.7  M 
sulfuric  acid  at  100°C  using  p re-equilibrated  butane  fuel,  on  cold  pressed  catalyst- 
Teflon  7  electrodes. 

Of  the  three  catalysts  tested  only  the  Ru-modified  P-type  catalyst  showed 
any  activity  for  butane  oxidation  and  this  activity  was  inferior  to  commercial 
platinum  black  (Appendix  A-6).  The  negative  result  means  either  that  the  rate 


controlling  step  in  hydrocarbon  oxidation  is  different  than  that  in  methanol  oxida- 


Phase  8 


Non-noble  Steam  Reforming  Catalysts 


To  avoid  the  use  of  expensive  noble  inetal  catalysts  of  limited  availability, 
an  investigation  was  begun  into  the  possible  use  of  low  cost  steam  reforming  cata¬ 
lysts  in  hydrocarbon  fuel  cells.  These  catalysts  are  known  to  be  able  to  convert 
hydrocarbons  to  hydrogen  and  carbon  dioxide  in  the  presence  of  water  vapor  at 
high  temperatures  and  pressures.  The  present  studies  were  undertaken  to  determine 
whether  they  would  be  reactive  under  atmospheric  pressure  and  low  temperature  con¬ 
ditions,  and,  if  so,  whether  the  selectivity  to  hydrogen  and  the  rates  would  be 
appropriate  to  fuel  cell  use.  In  the  beginning  of  this  program  no  attempt  was  made 
to  decide  whether  the  catalyst  would  be  used  in  a  separate  chamber  or  whether  it 
would  be  incorporated  into  a  fuel  cell  anode.  Therefore,  the  exploratory  phase  of 
this  program  was  arbitrarily  carried  out  in  a  gas  phase  reactor. 

Part  a  -  Catalyst  Activity  at  Low  Temperatures 

The  chemical  activity  of  catalysts  for  the  conversion  of  decane  in  the 
presence  of  water  was  measured  in  a  bench  scale  laboratory  reactor  shown  in  Appendix 
A-  15 •  In  this  apparatus  water  and  decane  were  fed  at  a  controlled  rate  to  the 
vaporization  zone  of  a  tubular  reactor.  The  gases  then  passed  over  the  heated 
catalyst,  where  the  conversion  occurred,  and  out  through  a  water  cooled  condenser, 
which  liquified  the  unreacted  decane  and  water.  The  rate  of  formation  of  non¬ 
condensible  gases  was  measured  using  a  wet  test  meter.  The  effluent  from  this  meter 
went  into  sample  bombs  for  mass  spectrometer  analysis.  The  reaction  rates  were 
calculated  from  the  wet  Lest  meter  readings  and  the  gas  analysis. 

The  activity  of  the  catalyst  was  determined  at  various  temperatures.  An 
Arrhenius  plot  did  not  give  a  straight  line,  but  the  average  activation  energy  was 
in  the  range  of  16  kcal  per  mole  (Figure  A-14).(See  Appendix  A-16.) 


Figure  A- 14 

Temperature  Dependence  of  Decane  Steam  Reforming  Rate 


Reciprocal  Absolute  Temperature,  (“Kelvin)"! 
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From  the  above  rates  catalyst  requirements  to  produce  a  KW  of  power  were 
then  calculated  and  are  shown  in  Table  A-  12. 


Table  A- 12 


Catalyst  Requirement  Versus  Temperature 


Temperature,  °C 

Catalyst  Requirement,  lbs/KW^^ 

370 

0.47 

3X5 

2.5 

2  60 

12.8 

205 

63 

150 

200 

Maximum 

Permissible'-  ' 

7 

3 

(1)  Assumes  4  ft  /hr  of  H„  is  equivalent  to  200  watts  and 
stoichiometry  C30H22  +  20  H2O  — *  10  CO2  +  31  l^-  Based 
on  activity  of  standard  catalyst  T-l. 

(2)  Assuming  the  catalyst  is  applied  to  electrodes  operating 
at  no  less  than  35  mwatts/cm.2  and  a  maximum  loading  of  100 

mg  /  cm^ . 


In  a  vapor  phase  chemical  system  the  catalyst  has  sufficient  activity  at  Lomperatures 
above  250°C  for  a  practical  system.  Reaction  rates  here  at  370°C  are  comparable  to 
conventional  systems  operating  at  700-800°C.  Under  the  assumption  that  the  same 
rates  of  decane  conversion  that  were  obtained  in  a  vapor  phase  chemical  system  will 
be  obtained  in  an  electrochemical  system, the  catalyst  would  not  have  sufficient 
activity  at  lOO^C  to  be  attractive  at  reasonable  loadings.  However,  an  electro¬ 
chemical  potential,  which  would  remove  product  hydrogen  as  it  forms,  might  accelerate 
the  reaction  considerably . 

Part  b  -  Reaction  Products 


The  composition  of  the  dry  product  gas,  as  determined  by  mass  spectrometer 
analysis,  is  shown  in  Figure  A- 15. 
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Table  A- 13 


Demonstration  of  Electrochemical 
Activity  of  Decane  Steam  Reformate^) 


Current  Density, 
ma/cm^ 

Volts  Polarized 

from  Theoretical  H? 

Pure  Ho 

Product  Gas 

0 

0 

0 

10 

.005 

.003 

20 

.006 

.008 

50 

.017 

.035 

100 

.037 

.117 

150 

.057 

.227 

200 

.075 

.330 

(1)  Vapor  Phase  chemical  system:  40  grams  catalyst  T-l,  260°C, 

29  cc  decane/hr,  82  cc  l^O/hour. 

Electrochemical  System:  3.7  M  sulfuric  acid,  60°C,  catalyzed 
carbon  anode . 

The  run  described  above  represents  a  steam  reformer- fuel  cell  system  which 
has  a  number  of  advantages  over  other  systems  of  this  type:  The  product  gas  is  used 
without  purification,  that  is,  no  palladium  diffuser  is  involved.  The  steam  reform¬ 
ing  catalyst  is  non-noble  and  low  in  cost.  In  addition,  the  reformer  operating 
temperature  is  260°,  rather  than  the  700  to  800“C  ordinarily  employed. 


Part  d  -  Catalyst  Modification  Studies 

A  catalyst  modification  program  was  undertaken  to  develop  a  catalyst 
more  compatible  for  use  in  an  electrode  and  to  increase  catalyst  activity.  This 
data  is  tabulated  in  Appendix  A-16.  As  a  result  of  this  work  a  catalyst 
507.  more  active  than  the  standard  catalyst  was  developed,  which  in  addition  should 
be  more  compatible  with  an  anode  system.  However,  since  factors  of  improvement 
greater  than  twenty  are  required  to  operate  at  150°C  or  less,  improvements  of  this 
order  of  magnitude  will  not  affect  the  utility  of  these  catalysts.  In  their  present 
activity  ranges  they  must  succeed  or  fail  depending  upon  their  ability  to  be  used 
in  a  separate  chamber  at  a  higher  temperature,  or  to  be  accelerated  by  electrochemical 
polarization.  Therefore,  further  small  magnitude  improvements  will  no  longer  be 
sought,  until  the  usefulness  questions  are  answered. 

Part  e  -  Liquid  Phase  Study 

An  experiment  was  made  to  investigate  the  use  of  catalyst  type  T-l  in  a 
liquid  phase  reactor.  Activity  with  liquid  phase  water  and  hydrocarbon  is  a  necessary 
preliminary  to  the  use  of  these  catalysts  as  anode  ingredients.  It  could  also  pro¬ 
vide  a  lead  to  a  separate  liquid  phase  hydrogen  generator  which  could  avoid  the 
excessive  heat  of  vaporization  efficiency  losses  inherent  in  vapor  phase  steam  re¬ 
forming  systems.  The  layout  of  experimental  equipment  is  shown  in  Appendix  A-17. 
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The  catalyst  was  activated  by  treatment  with  lithium  biphenyl  radical  anion  solution. 
It  was  treated  with  a  4/1  water/decane  emulsion  at  60°C.  As  the  emulsion  slowly 
separated,  product  gas  was  evolved  at  a  gradually  declining  rate  in  the  range  of 
0.5  liters  per  hour  per  480  grams  of  catalyst.  Due  to  the  low  gas  evolution  rate 
it  was  not  possible  to  obtain  mass  spectrometer  samples  that  were  free  of  nitrogen 
and  air.  However,  analyses  corrected  to  a  contaminant  free  basi%  showed  good  select¬ 
ivity  to  hydrogen  (Table  A- 14). 


Table  A- 14 

Analysis  of  Liquid  Phase  Steam  Reformate 


Sample  3 

Sample  4 

h2 

58. 1 

66.0 

CH4 

6.  1 

2.2 

Total 

5.3 

3.3 

Total  C3 

-- 

-- 

Total  C,, 

0.8 

__ 

4 

Total  C5 

1.0 

1.5 

Total  C6 

0.  1 

-- 

CO, 

28.6 

27.0 

100.0 

100.0 

Thus,  these  preliminary  results  indicate  that  liquid  phase  steam  reforming 
of  decane  may  be  possible.  They  also  indicate  that  the  electrochemical  activity 
of  these  catalysts  is  not  precluded  by  the  existence  of  the  reactants  in  the  liquid 
state . 

Part  f  -  Attempted  Anode  Preparation 

A  number  of  preliminary  attempts  were  made  to  prepare  fuel  call  anodes  from 
the  low  temperature  steam  reforming  catalysts  lor  use  in  buffer  electrolytes. 
Activation  procedures  tried  were  lithium  biphenyl  radical  anion  treatment,  cathodiza 
tion  in  15  M  KOH  electrolyte,  and  sodium  liypophosphite  solution  treatment  followed 
by  cathodization  in  3  M  KOH.  Anodic  tests  with  hydrogen  using  3  M  KOH  electrolyte 
Indicated  that  the  anodes  were  essentially  inactive  electrochemically.  It  is 
believed  that  the  poor  conductivity  of  the  catalyst  mixture  is  the  chief  problem  to 
be  overcome  before  electrochemical  activity  can  be  achieved. 


4.2  Task  B 


Hydrocarbon  Fuel  Cell 


The  goal  of  this  engineering  research  program  is  to  assess  the  feasibility 
of  the  hydrocarbon- air  fuel  cell  components  in  a  complete  power  source.  Since 
several  fuel  cell  systems  exist,  each  presenting  unique  system  requirements,  early 
analysis  of  these  components  in  a  total  cell  assembly  under  actual  operating  conditions 
is  required.  Therefore,  a  total  cell  test  facility  with  sufficient  flexibility  for 
use  with  a  variety  of  electrode  structures  was  constructed.  Testing  of  potential 
systems  is  in  progress.  The  details  of  the  construction  of  this  unit  are  presented 
in  Appendix  B-l. 

Phase  1  -  Liquid  Hydrocar bon-Air  Fuel  Cell 

The  first  system  examined  employed  decane  in  the  liquid  state  as  the  fuel 
and  oxygen  as  the  oxidant.  The  fuel  cell  was  operated  at  temperatures  of  about  100°C. 
The  fuel  electrodes  were  the  interface  maintaining  electrodes  discussed  in  Task  A. 

The  Cyanamid  AA- 1  electrodes!,  backed  with  Permion  1010  membranes,  were  used  as  the 
oxygen  electrodes. 

Part  a  -  Cell  Performance 


The  initial  studies  were  carried  out  to  determine  whether  the  concept  of 
using  interface  maintaining  electrodes  for  liquid  hydrocarbon  fuels  was  practical. 

In  the  first  set  of  experiments,  the  operating  conditions  were  adjusted  to  produce 
a  temperature  gradient  across  the  cell  between  the  fuel  and  electrolyte  chambers. 

The  fuel  was  maintained  at  126°C, while  the  electrolyte  and  air  chambers  were  held 
at  approximately  100°C.  Power  outputs  of  3.8  mwatts/cm^  at  a  cell  voltage  of  0.31 
volts  were  obtained  with  liquid  decane.  However,  it  was  found  that  mechanically 
mixing  electrolyte  into  the  circulating  fuel  increased  the  power  output  to  8.2 
mwatts/cm^  and  the  cell  voltage  to  0.44  volts.  These  results  are  shown  in  Figure  B-l.  . 

In  another  series  of  runs,  the  temperature  throughout  the  ceil  was  maintained 
at  103°C.  Under  these  conditions,  power  outputs  of  4  to  6  mwatts/cm^  at  cell  voltages 
of  0.50  volts  were  obtained.  However,  current  densities  only  as  high  as  12.5 
mn/cm^  were  used.  Consequently,  the  maximum  power  capability  of  the  system  was  not 
established.  The  performance  under  these  conditions  is  illustrated  in  Figure  B-2  . 
Appendix  B-2  details  the  results  of  all  these  tests. 
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Measurements  were  also  made  of  the  polarizations  of  the  individual  elec¬ 
trodes  in  the  cell  using  hydrogen  reference  electrodes.  As  can  be  seen  in  Figure  B- 3 
the  major  source  of  voltage  loss  was  the  polarization  at  the  fuel  electrodes.  The 
polarization  at  this  electrode  was  0.26  volts  at  open  circuit,  increasing  to  0.40 
volts  at  7.5  ma/cm^.  In  contrast  the  observed  oxygen  electrode  polarization  was 
independent  of  current  density  in  the  range  of  current  densities  used,  amounting  to 
about  0.23  volts.  These  data  are  in  agreement  with  comparable  half  cell  data  ob¬ 
tained  in  Task  A.  Although  the  performance  levels  are  somewhat  lower  than  those 
expected  from  the  data  obtained  prior  to  the  inception  of  the  contract,  they  do 
demonstrate  the  feasibility  of  translating  the  results  obtained  in  half  cells  into 
total  cells. 


Figure  B-3 

Performance  of  Individual  Electrodes 


Current  Density,  ma/cm^ 


Part  b  -  Cell  Instability 

In  all  the  cells  tested,  performance  of  both  the  fuel  and  air  electrodes 
was  unstable.  The  oxygen  electrode  showed  a  decay  in  activity  over  the  course  of 
a  few  days  of  operation.  However,  this  was  caused  by  the  separation  of  the  cathode 
from  the  Permion  membrane  and  the  consequent  formation  of  gas  pockets.  Pressing 
the  membrane  to  the  electrode  at  1000  psi  corrected  this  problem. 


The  fuel  electrode  showed  some  of  the  instabilities  previously  discussed 
in  Task  A.  As  indicated  in  Figure  B- 4  ,  the  anode  performance  decreased  with  time 

and  the  response  to  changes  in  current  density  was  very  slow.  In  addition,  the 
performance  deteriorated  after  cell  operation  at  high  current  densities. 


Figure  B-4 

Time  Dependence  of  Anode  Performance 
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Part  c  -  The  Effect  of  Acid  Concentration 


A  preliminary  evaluation  was  also  made  of  the  effect  of  sulfuric  acid  con¬ 
centration  on  cell  performance.  The  acid  concentration  was  varied  from  3.7  M  to 
10.3  M.  These  data  indicated  that  increasing  the  sulfuric  acid  strength  above  3.7  M 
impairs  cell  performance  at  both  the  open  circuit  and  under  load.  This  is  shown  in 
Table  B-  1  . 


Table  B-l 


Effect  of  Acid  Strength  on 
Total  Cell  Performance 

Partially  Deactivated  Electrodes 
Cell  Temperature  126°C 


Sulfuric  Acid 
Concentration,  M 

Cell  Potential  at  Indicated  ma/cm^,  volts 

0 

2.5 

5.0 

3 . 7* 

0.81 

0.48 

0.30 

8.1 

0.71 

0.40 

0.20 

10.3 

0.58 

0.16 

-- 

*  Cell  temperature  -  100°C- 


Part  of  this  loss  is  probably  due  to  the  direct  chemical  attack  on  the 
electrodes.  The  electrolyte  darkened  in  color  after  operation  and,  upon  disassembly, 
both  the  anode  and  the  Permion  1010  membrane  appeared  to  have  been  attacked.  These 
results  are  consistent  with  the  half-cell  data  reported  in  Task  A. 


4.3  Task  C,  New  Systems 

Fuel  cell  research  often  falls  within  fairly  restricted,  well-defined  limits. 
The  New  Systems  work  has  been  instituted  to  investigate  approaches  outside  of  these 
areas  which  might  offer  advantages  for  fuel  cell  performance.  Thus,  new  electrolytes 
in  the  form  of  buffer  solutions  have  been  studied.  The  use  of  a  flowing  fuel  system 
has  also  been  examined.  Tn  addition,  several  slurried  catalysts  suspended  in  the 
electrolyte  have  been  investigated.  Other  studies  have  looked  at  possible  redox 
systems  for  the  fuel  electrode,  as  well  as  phthalocyanine  complexed  catalysts  for 
anode  and  cathode  use.  A  number  of  possible  new  materials  for  fuel  cell  component 
use  were  also  screened. 

Phase  1  -  Buffer  Electrolytes 

One  alternative  to  corrosive  strong  acids  or  non-carbon  dioxide  rejecting 
strong  bases  is  a  buffer  electrolyte.  It  must  be  demonstrated,  however,  that  this 
type  of  system  is  capable  of  supporting  practical  current  densities.  Therefore, 
the  activity  of  methanol  and  of  air  were  investigated  in  buffers,  with  emphasis 
on  the  performance  of  various  catalysts  and  electrode  structures.  In  addition  to 
this  half-cell  work  total  cell  performance  was  measured  to  define  compatibility  and 
transport  problems. 


Part  a  -  Methanol  Catalysts 


Buffer  Electrolytes 


A  number  of  catalysts  were  tested  for  activity  with  methanol  in  solutions 
consisting  of,  in  addition  to  1M  methanol ,  IM  each  carbonate  and  bicarbonate  or 
dibasic  and  monobasic  phosphate  salts.  These  electrolytes  had  measured  pH  values 
of  10.7  and  6.6  respectively  at  25°C,  although  the  tests  themselves  were  run  at  60°C. 
However,  only  a  small  pH  shift  occurs  in  this  temperature  interval.  The  catalysts 
were  reduced  from  their  salt  solutions  by  potassium  borohydride  and  pressed  into 
platinum  gauze  electrodes.  They  included  the  p-type  catalyst,  platinum,  platinum 
with  molybdenum  or  ruthenium,  several  types  of  nickel,  nickel  with  rhenium,  and 
cobalt  with  molybdenum  or  rhenium.  Complete  performance  details  are  found  in  Appen¬ 
dix  C-l  . 

The  catalysts  could  be  divided  into  two  groups.  The  P-type,  platinum,  and 
platinum-ruthenium  samples  were  active  while  the  remainder  had  poor  to  negligible 
activity.  Within  the  first  group,  the  same  relative  activities  were  obtained  in  both 
electrolytes,  although  overall  performances  we.  better  in  the  carbonate-bicarbonate 
system.  Thus,  as  shown  in  Figures  C-l  and  C-2,  the  P-type  catalyst  was  most  active, 
being  polarized  0.32  and  0.35  volts  at  100  ma/cm^  in  carbonate-bicarbonate  and  phos¬ 
phate  buffers  respectively.  The  platinum-ruthenium  and  platinum  catalysts  were  less 
active,  with  platinum  having  polarizations  of  0.53  and  0.55  volts  in  the  two  solutions. 
Platinum-ruthenium  activity  was  intermediate  to  the  other  two.  Carbon  dioxide  evolution 
was  readily  observed  in  all  these  tests  with  the  exception  of  the  P-type  electrode  in 
the  carbonate-bicarbonate  electrolyte.  This  system  did  not  produce  gas  until  a  current 
density  of  almost  2000  ma/ctn^  was  reached. 

Of  the  nickel  catalysts,  only  certain  samples  exhibited  any  activity,  and 
then  only  in  phosphate  buffer.  Thus,  a  number  of  types  of  nickel  including  a  sintered 
powder  electrode  and  commercial  and  sodium  borohydride  reduced  powders  were  tested 
but  only  the  sintered  and  borohydride  reduced  electrodes  could  support  any  current. 

They  both  evolved  carbon  dioxide,  but  also  decayed  rapidly  under  load.  In  both  of 
these  electrolytes  nickel  dissolution  was  detected  visually  and  with  dimethyl glyoxime . 
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The  remaining  catalysts  were  all  inactive  with  the  exception  o£. platinum- 
molybdenum.  This  catalyst,  prepared  in  the  presence  of  barium  ions  which  could 
possibly  stabilize  the  molybdenum,  was  polarized  only  0.15  volts  in  phosphate  buffer 
at  2  rr, a/cm2.  However,  at  higher  current  densities  it  deactivated  irreversibly  to  the 
performance  of  plain  platinum.  A  similar  catalyst  was  checked  in  3.7M  sulfuric  acid 
and  behaved  in  the  same  manner.  It  appears  then  that  operation  in  buffer  or  with 
added  barium  does  not  benefit  the  platinum-molybdenum  catalyst. 

It  has  been  demonstrated  that  buffer  electrolytes  are  suitable  for  use  at 
methanol  electrodes.  They  allow  high  performance  levels  to  be  reached  with  present 
active  catalysts  and,  in  most  cases,  lead  to  the  production  of  carbon  dioxide.  Thus, 
an  alternative  to  strong  acid  or  base  electrolytes  may  be  possible,  permitting  the 
use  of  less  expensive  catalysts  and  other  fuel  cell  components. 

Part  b  -  Concentration  and  Stirring  Effects  at  the  Methanol  Electrode 

In  the  previous  section  the  performances  of  methanol  electrodes  were  des¬ 
cribed  in  stirred  solutions.  Stirring  was  used  to  suppress  ionic  concentration 
polarization  which  can  arise  in  buffer  electrolytes  and  mask  the  true  catalytic 
activity.  Further  studies  of  concentration  polarization  were  carried  out  in  un¬ 
stirred  solutions  and  at  higher  concentrations  to  determine  if  the  high  perform¬ 
ance  observed  on  certain  catalysts  could  be  supported  by  buffer  electrolytes  un¬ 
aided  by  stirring. 

Tests  on  platinum  electrodes  in  1  M  each  potassium  mono-dibasic  phosphate 
and  in  2  M  each  rubidium  mono-dibasic  phosphate*  solutions  at  60°C  showed  that 
adequate  performance  is  maintained  even  in  the  least  favorable  case.  Thus,  the 
lowest  concentration  solution,  unstirred,  had  only  a  50  mv  debit  at  100  ma/cm2  com¬ 
pared  to  the  stirred  activity  reported  in  Part  a.  Table  C- 1  shows  this  as  well  as 
results  in  the  more  concentrated  solution,  where  the  effect  of  stirring  was  much 
less,  amounting  to  only  15  mv  at  100  ma/cm2. 


Table  C- 1 

Effect  of  Stirring  and  Buffer 
Concentration  on  Anode  Performance 


Current  Density, 
ma/cm2 

Improvement  in 
Volts,  Effected 

Methanol  Performance, 
bv  Stirring 

Electrolyte 

1M  KH2P04 

1M  K2HP04 

2M  RbH2P04 

2M  Rb2HP04 

25 

0.020 

0.010 

50 

0.040 

0.010 

100 

0.050 

0.015 

150 

0.050 

0.015 

;  : - 


.  ^ 


The  performance  in  the  more  concentrated  solution,  unstirred,  was  similar  to  the 
more  dilute  electrolyte  with  stirring.  These  results  show  that  methanol  electrodes 
can  operate  in  buffer  electrolytes  at  high  performance  levels  without  the  need  for 
stirring  or  other  techniques  for  minimizing  ionic  concentration  polarization. 

Part  c  -  Effect  of  Structure  on  Cathode  Performance 

The  feasibility  of -buffer  electrolytes  has  been  shown  at  the  methanol 
electrode.  Since  this  anode  utilizes  a  relatively  non-porous  structure,  ionic  con¬ 
centration  polarization  is  not  a  severe  problem.  However,  in  the  case  of  gaseous 
reactants,  where  an  interface  must  be  maintained,  considerable  concentration  polari¬ 
zation  might  occur  within  the  porous  electrode.  To  study  this  effect,  a  number  of 
cathode  structures  were  tested  with  air  and  oxygen  in  1M  each  carbonate-bicarbonate 
or  mono-dibasic  phosphate  buffers  at  60°C.  Full  details  are  found  in  Appendix  C-2 . 

The  cathodes  contained,  in  all  cases,  an  American  Cyanamid  Type  AA-1 
electrode.  Since  this  structure  could  not  by  itself  hold  an  interface,  it  was  clad 
with  a  variety  of  interface  maintainers  to  form  the  total  electrode.  These  were  a 
Nalfilm  D-30  membrane,  a  Gelnian  SA  membrane,  a  Dacron  felt  pad,  and  simpjy  a  second 
AA-1  electrode.  Tests  were  made  with  oxygen  on  the  first  three  structures.  As  shown 
in  Figures  C-3  and  C-4,  the  most  active  cathode  was  the  one  backed  by  the  Dacron  felt 
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Effect  of  Structure  on  Oxygen  Performance  in  Phosphate  Buffer 
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It  was  polarized  0.42  volts  from  the  theoretical  oxygen  potential  at  50  raa/cm^ .  In 
comparison,  the  Nalfilm  D-30  backed  structure  had  a  limiting  current  of  less  than 
50  ma/cm^  and  was  already  polarized  0.60  volts  at  25  ma/crn^.  In  the  two  cases  tested 
in  both  electrolytes, almost  similar  results  were  obtained.  The  order  of  reactivity 
of  these  electrodes  was  the  same  as  the  amount  of  bulk  flow  permitted  by  each.  Thus, 
the  Nalfilm  D-30  clad  structure  allowed  no  bulk  flow  through  it,  while  the  Dacron 
felt  electrode  was  relatively  open  to  electrolyte  flow. 


60°C,  1  M  Each  K.HCO,,  K„C0 


Cyanamid  Electrode 


Dacron  Felt 
Gelman  Membrane 


These  results  illustrate  the  importance  of  ionic  concentration  polarization 
in  the  performance  of  these  porous  structures.  This  is  further  exemplified  by  the 
fact  that  all  three  electrodes  had  essentially  similar  activity  in  3.7M  sulfuric  acid, 
where  concentration  polarization  is  not  a  problem.  Another  experiment,  designed  to 
measure  the  concentration  polarization  effect  directly,  consisted  of  using  hydrogen 
as  reactant.  Since  this  fuel  has  practically  no  activation  polarization,  only  the  ionic 
concentration  polarization  will  be  measured.  As  shown  in  Figure  C-5,  the  Gelman  clad 
electrode  is  considerably  less  polarized  than  the  Nalfilm  clad  electrode.  In  fact, 
the  difference  in  concentration  polarization  is  approximately  equal  to  the  actual 
performance  differences  with  oxygen. 
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A  final  aspect  investigated  was  the  substitution  of  air  for  oxygen.  As 
shown  in  Figure  06,  a  performance  loss  of  40  to  about  200  mv  occurred  with  a  Gelman 
clad  electrode  over  the  current  density  range  of  10  to  50  ma/cm^.  In  addition,  the 
cathode  had  a  limiting  current  of  less  than  100  ma/cm^  with  air.  However,  a  cathode 
consisting  of  two  Type  AA-1  electrodes  performed  as  well  on  air  as  the  Geiman  clad 
electrode  with  oxygen,  although  it  allowed  much  less  electrolyte  bulk  flow.  These 
results  indicate  that  oxygen  or  air  cathodes  can  be  operated  at  satisfactory  per¬ 
formance  levels  in  buffer  electrolytes  provided  suitable  structures  are  used  which 
minimize  ionic  concentration  polarization. 
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Part  d  -  Effect  on  Cathode  Performance  of  Buffer  Concentration  and  Ratio 


With  the  very  important  role  of  ionic  concentration  polarization  established, 
the  effects  of  higher  buffer  concentration  and  also  of  altering  the  buffer  ratio  in 
the  direction  of  the  more  acidic  component  were  investigated.  The  performance  of  a 
Gelman  clad  electrode  in  1  M  each  potassium  mono-dibasic  phosphate  with  oxygen  was 
compared  with  its  activity  in  1.5  M  mono-  and  0.5  M  dibasic  potassium  phosphate,  and 
2  M  each  rubidium  mono-dibasic  phosphate  at  60°C. 


The  perform ance s  in  these  solutions  were  essentially  similar  at  current 
up  to  about  50  ma/ cm2 .  At  higher  levels,  where  concentration  polarization 
iportant,  the  use  of  1.5  M  mono-  and  0.5  M  dibasic  phosphate  and  of  2  M 
dibasic  phosphate  buffers  benefited  performance.  Thus,  as  shown  in 
these  electrolytes  were  each  polarized  50  mv  less  than  in  the  1  M  each 


Table  C-2 


Effect  of  Buffer  Composition  on  Performance 


Current 
Density, 
ma  /  cm 

Polarization 

,  Volts,  from  Oxygen  Theory 

Elec  troly te 

1M  KH2P04 

1M  K2HP04 

1 . 5M  KH2PO4 
0.5M  K2HPO4 

2M  RbH2P04 

2M  Rb2HP04 

10 

0.35 

0.35 

0.34 

25 

0.41 

0.40 

0.38 

50 

0.47 

0.47 

0.46 

75 

0.55 

0.51 

0.52 

100 

0.61 

0.56 

0.56 

150 

-- 

0.68 

0.66 

200 

0.78 

0.72 

2 

Ir.  addition,  the  limiting  current  was  extended  beyond  100  ma/cm  .  The  methanol  anode 
was  also  tested  in  the  1.5/0. 5  buffer  and  found  to  suffer  a  25  mv  loss  at  100  ma/cm2, 
not  enough,  however,  to  offset  the  cathode  gain.  Thus,  further  benefits  in  cathode 
performance  in  buffer  electrolytes,  over  and  above  structure  improvements,  should  be 
obtainable  by  proper  adjustment  of  solution  composition. 

Part  e  -  Total  Cell  Performance 

The  results  obtained  with  anode  and  cathode  half  cells  in  buffer  electrolytes 
suggested  that  complete  cells  might  be  feasible.  Studies  were  therefore  begun  aimed 
at  defining  more  fully  the  possibilities  and  problems  of  a  total  cell.  A  standard 
4"  x  4"  Teflon  cell  (2_)  was  assembled  with  a  P-type  anode  and  a  Gelman  SA  membrane 
backed  Type  AA-1  electrode  as  oxygen  cathode.  The  electrolyte  was  1M  each  in  potas¬ 
sium  mono-and  dibasic  phosphate.  Complete  performance  data  are  shown  in  Appendices 
C-3  to  C-8 . 


Operated  in  the  simplest  manner,  with  methanol-containing  electrolyte  cir¬ 
culating  between  the  electrodes,  only  negligible  power  could  be  drawn  from  the  cell. 

Thus,  both  at  ambient  temperature  and  at  60°C,  a  maximum  of  0.75  mwatts/cm2  was  ob¬ 
tained  at  5  ma/cm2  with  0 .5M  methanol .  Using  0.051!  fuel,  the  performance  improved 
to  1.4  mwatts/cm2,  indicating  fueL  incompatibility  at  the  cathode  to  be  the  cause  of 
the  low  activity.  Accordingly,  the  cell  was  modified  to  allow  a  dual  flow  of  electrolyte. 
One  path,  directly  between  the  two  electrodes,  contained  electrolyte  free  of  fuel.  The 
second  stream  was  directed  to  the  far  side  of  the  anode  and  contained  the  fuel .  In  this 
way  peak  power  was  raised  to  2.8  mwatts/cm2  at  12  ma/cm2  using  0.125M  methanol  at  60°C. 
However,  the  largest  improvement  resulted  from  the  addition  of  a  Gelman  SA  membrane 
between  the  two  electrodes  to  further  retard  electrolyte  mixing.  The  cell  configuration 
following  this  change  is  shown  in  Figure  C-7 . 
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Additional  Membrane 


Electrolyte 


With  this  new  arrangement  higher  methanol  concentrations  could  be  tolerated 
In  addition,  pre-heating  the  electrolyte  was  also  of  benefit.  The  power  output  was 
thus  raised  to  over  11  mwatts/cm^  at  60°C  and  2.0M  methanol.  Table  C-3  shows  these 
results  obtained  with  oxygen. 


Table  C-3 


Phase  2  -  Hydrocarbon  Redox  Systems 


The  direct  electrochemical  oxidation  of  hydrocarbon  fuels  is  difficult  to 
achieve  efficiently.  The  inertness  of  these  compounds,  coupled  with  their  insolubil¬ 
ity,  causes  problems  which  have  thus  far  limited  performance.  One  approach  to  over¬ 
coming  these  disadvantages  is  the  use  of  an  indirect  "redox  cycle"  where  the  fuel  is 
chemically  reacted.  The  resulting  reduced  form  of  an  oxidizing  agent  is  then  electro- 
chemically  reoxidized  at  the  fuel  electrode  to  complete  the  cycle.  Studies  were 
carried  out  to  test  the  chemical  and  electrochemical  reactivity  of  a  number  of  such 
systems . 

Part  a  -  Chemical  Reactivity 

Several  possible  redox  compounds  were  tested  for  their  chemical  reactivity 
towards  decane  and  methanol  by  refluxing  their  slurries  in  these  fuels.  Sodium 
molybdate,  molybdic  acid,  cupric  oxide,  ammonium  metatungstate,  and  potassium  perrhe- 
nat.e  ..showed  no  activity  under  these  conditions.  The  only  compound  reduced  was  rhenium 
heptoxide,  which  was  converted  to  the  trioxide  in  both  decane  and  methanol  .  The  reaction 
with  decane  resulted  in  the  formation  of  carbon  dioxide,  while  in  the  case  of  methanol 
no  carbon  dioxide  was  found.  Rhenium  heptoxide  was  also  dissolved  in  9M  sulfuric  acid 
and  tested  with  decane  at  106°C.  In  this  system  reduction  of  the  oxide  occurred  but 
no  carbon  dioxide  was  formed. 

Part  b  -  Carbon  Dioxide  Formation 


Having  established  the  reduction  by  decane  of  rhenium  heptoxide  and  the 
accompanying  oxidation  of  decane  to  carbon  dioxide,  a  quantitative  study  was  made  of 
the  completeness  of  reaction.  As  part  of  this  work  the  effect  of  various  catalysts 
was  also  looked  at.  In  all  cases,  a  slurry  of  rhenium  heptoxide  with,  in  some  cases, 
added  catalyst,  was  refluxed  in  decane  at  172°C.  Nitrogen  was  used  to  blanket  the 
reaction  and  also  to  carry  the  product  gas  through  Drierite  and  Ascarite  tubes. 

r 

It  was  found,  as  shown  in  Table  C-4,  that  simply  boiling  a  slurry  of 
rhenium  heptoxide  in  decane  gave  30-40%  of  the  carbon  dioxide  expected  from  the 
following  reaction: 

31  Re20?  +  C10H22  - 62  Re03  +  10  C02  +  11  1^0. 

Adding  the  heptoxide  directly  to  boiLing  decane  rather  than  heating  the  mixture 
together  from  room  temperature  as  normally  done  resulted  in  an  80°  carbon  dioxide: 
yield.  Platinum  and,  to  a  lesser  extent,  gold,  catalyzed  the  reduction.  At  its 
highest  ratio,  platinum  caused,  in  one  case,  partial  conversion  to  rhenium  dioxide 
and  an  increase  in  the  carbon  dioxide  yield  to  over  200%  of  that  expected  from  the 
above  reaction.  However,  in  a  repeat  test  only  80%  yield  was  obtained.  These  re¬ 
sults  show  that  decane  oxidation  does  not  go  only  to  carbon  dioxide,  but  is  probably 
accompanied  by  side  reactions  leading  to  partially  oxidized  products.  No  attempt 
has  been  made  as  yet  to  identify  these  products.  Howev(?r,  the  chemical  half  of  this 
redox  cycle  has  been  demonstrated  to  be  possible.  t 
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Table  C-4 


Rhenium  Heptoxide  Reaction  with  Decane 


Catalyst 

Ratio,  Catalyst/ 
Rhenium  Heptoxide 

Carbon  Dioxide  Yield, 
wt  % 

None 

30-40 

Pt 

0.005 

30-40 

0.025 

63 

0-050 

80-200 

Au 

0.005 

30-40 

0.050 

60 

Ni 

0.005 

30-40 

2.50 

30-40 

W 

0.005 

30-40 

0.05 

30-40 

None 

80* 

*  Rhenium  heptoxide  added  directly  to  boiling  decane. 


Part  c  -  Electrochemical  Rcoxidation  of:  Reduced  Rhenium  Oxide 


To  complete  the  redox  cycle  between  rhenium  heptoxide  and  decane,  it  is 
necessary  to  oxidize  the  reduced  product  at  suitable  potentials.  Estimates  of  the 
rate  of  the  chemical  reduction  indicate  that  a  reaction  rate  equivalent  to  at 
least  50  ma/cm^  was  attained.  Therefore,  the  chemical  half  of  the  redox  cycle  should 
not  be  the  limiting  part.  Tests  of  the  electrochemical  activity  of  rhenium  trioxide 
were  carried  out  in  3.7M  sulfuric  acid.  Tt  was  found  that  although  open  circuit 
potentials  of  0.3  to  0.4  volts  from  the  theoretical  decane  potential  were  achieved, 
no  current  could  be  drawn  from  the  rhenium  trioxide,  either  by  itself  or  mixed  with 
powdered  platinum  or  gold  to  enhance  conductivity.  Apparently,  there  is  still  in¬ 
sufficient  conductivity  in  the  system,  even  with  added  metal  powder,  to  allow  reoxida¬ 
tion  of  the  oxide.  In  an  effort  to  avoid  this  problem,  attempts  were  made  to  dissolve 
the  rhenium  trioxide  to  give  the  rhenate  ion,  which  should  be  easily  oxidizable. 
However,  the  oxide  was  insoluble  in  3.7M  sulfuric  acid  and  3  and  9M  sodium  hydroxide. 

Phase  3  -  Dynamic  Electrode  Studies 

A  major  problem  in  achieving  efficient  hydrocarbon  reaction  is  establishing 
and  maintaining  a  suitable  tiiree  phase  interlace.  One  approach  to  ibis  difficulty 
has  been  the  use  of  a  "flowing  fuel  system,"  in  which  a  liquid  hydroenrbon„is  bubbled 
from  a  Sprayer  into  the  electrolyte.  In  rising  through  the  aqueous  phase,  the  fuel 
contacts  and  passes  through  and  around  an  electrode  maintained  in  the  electrolyte. 

By  this  means,  problems  associated  with  static  systems,  such  as  electrode  flooding, 
are  minimized.  Using  the  flowing  fuel  system,  studies  have  been  carried  out  on  the 
effects  of  fuel  and  electrode  heating,  open  circuit  pulsing,  and  of  several  e.lectrode 
structures . 

Part  a  -  Heating  Experiments 

The  effects  of  preheating  decane  prior  to  its  contacting  the  fuel  electrode 
and  of  electrically  heating  the  anode  itself  were  studied  in  3.7M  sulfuric  acid  at 
105°C.  The  electrodes  were  platinum  gauzes  into  which  were  pressed  2:1  weight  ratios 
of  commercial  platinum  black  and  teflon  powder . 
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In  the  first  experiment,  decane  was  preheated  to  160nC  before  passage 
through  the  glass  frit  sprayer  into  the  electrolyte.  Although  much  finer  bubbles 
were  produced,  no  improvement  in  performance  was  obtained  and  it  was  necessary  to 
keep  the  electrolyte  boiling  to  maintain  maximum  activity.  In  addition,  some  decane 
decomposition  occurred  even  though  the  system  was  blanketed  with  nitrogen. 

A  preliminary  test  was  also  made  in  which  an  AC  current  was  used  to  heat 
the  fuel  electrode.  No  changes  in  performance  were  measured  as  the  impressed  AC 
potential  was  increased  until  80  volts  was  reached.  At  this  level  a  sharp  and 
partially  irreversible  polarization  increase  occurred.  The  cause  of  this  effect 
is  not  clear  and  additional  work  will  be  necessary  to  clarify  it. 

Part  b  -  Open  Circuit  Pulsing 

Various  types  of  pulsing  have  in  the  past  proven  beneficial  to  fuel 
electrode  performance.  Therefore,  a  test  was  made  of  the  effect  of  periodically 
open  circuiting  the  electrode.  The  experiment  was  carried  out  in  3.7M  sulfuric 
acid  at  105°C  using  the  platinum-Tef Ion  electrode  described  in  Part  a.  The  anode 
was  alternately  polarized  at  20  ma/cm2  and  open  circuited,  allowing  equal  time  to 
each  period  until  the  polarization  reached  0.45  volts  from  the  theoretical  decane 
potential.  The  periods  were  varied  in  length  from  5  seconds  to  2  minutes.  As  shown 
in  Table  C-5,  the  on-current  time  necessary  to  reach  0.45  volts  was  essentially 
independent  of  period  length  and  about  twice  that  needed  during  continuous  current 
flow.  However,  since  the  time  average  current  was  only  half  of  that  during  continuous 
operation,  no  net  gain  in  output  was  achieved.  To  check  on  the  benefits  of  longer 
open  circuit  periods,  the  electrode  was  also  run  at  conditions  of  one  minute  on  and 
two  minutes  off.  As  before,  no  net  improvement  occurred.  From  these  results  it 
appears  that  open  circuit  pulsing  is  of  no  benefit  in  improving  fuel  electrode  per¬ 
formance  with  decane  fuel. 

Table  C-5 


Effect  of  Period ' Length  on  Performance 


Period  Length,  Sec 

5 

30 

60 

120 

0-0 

60  on 
120  off 

Time  to  Reach  0.45  volts,  Sec 

420 

360 

330 

360 

180 

390 

*  No  open  circuit  pulsing. 


Part  c  -  Other  Electrode  Structures 


A  sintered  platinum-Tef Ion  electrode  prepared  using  emulsified  Teflon  and 
a  platinized  gauze  were  tested  with  decane  in  the  flowing  fuel  system  using  3.7  M 
sulfuric  acid  at  105°C.  The  open  circuit  polarization  of  the  former  was  initially 
0.6  volts  from  the  theoretical  decane  potential,  normally  an  unstable  region  for 
no-load  conditions.  Upon  interrupting  the  fuel  flow,  however,  the  polarization 
fell  to  0.1  volts.  The  electrode,  with  fuel  flow  restored,  could  maintain  1  ma/cm^ 
at  only  0.16  vol Ls  poLarization  but  failed  suddenly  at  2  ma/cm2  after  several  minutes 
at  0.3  volts.  It  appears  that  this  structure  was  too  impermeable  for  successful 
operation  in  this  system.  The  platinized  gauze  gave  no  activity  at  all,  neither  at 
open  circuit  nor  under  load.  Repeated  attempts  to  activate  the  catalyst  with  anodic 
and  cathodic  pulses  were  unsuccessful. 
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Phase  4  -  Slurry  Catalyst  Systems 

The  conventional  fuel  cell  electrode  is  a  structure  which  combines  the 
functions  of  catalyst  and  current  collector-  It  is  possible  that  such  a  dual  role 
does  not  allow  maximum  efficiency  for  each  function  and  that  overall  performance 
might  be  improved  by  separating  these  tasks-  One  method  of  accomplishing  this  is  to 
uHlize  the  caLalyst  in  the  form  of  a  slurry  impinging  upon  a  currenL  collector 
(7,8).  Studies  were  therefore  begun  aimed  at  determining  the  capabilities  of  slurried 
catalysts  using  a  rotating  electrode  as  siirrer  and  current  collector.  The  present 
work  utilized  supported  and  unsupported  platinum,  as  well  as  other  catalysts  with 
me Lhanul  and  decane.  The  electrolyte  was  generally  sulfuric  acid,  although  phosphate 
buffer  was  briefly  examined. 

Part  a  -  Effect  of  Operating  Conditions  on  Slurry  Cell  Performance 

Initial  investigations  with  the  slurry  catalyst  system  looked  at  the  effect 
of  physical  factors  on  performance,  Thus,  cell  shape,  size,  and  electrode  rotation 
speed  were  examined  in  1M  methanol  and  3.7M  sulfuric  acid  at  60“C.  The  catalyst  was 
platinum  black,  at  10  to  20  mg/ml  concentration.  The  cell  shape  was  found  to  be  the  most 
important  variable.  As  shown  in  Table  C-6,  H-shaped  cells  were  least  efficient,  due  to 
poor  stirring  of  the  catalys t,  which  tended  to  collect  in  the  connecting  side-arm. 
Cylindrical  round  bottom  cells  showed  great  improvement,  with  the  addition  of  vertical 
wall  ribs  leading  to  optimum  performance.  Incorporating  all  these  elements  gave  an 
activity  level  of  only  0.36  volts  polarization  at  10  ma/cm^,  based  upon  the  collector 
electrode  total  surface  area.  Appendix  C-9  describes  the  final  cell  in  detail.  The 
effect  of  rotation  speed  was  constant  above  about  1000  rpm,  as  was  cell  volume  over 
the  range  of  50  to  100  ml,  as  shown  in  Figure  C-9 

Table  C-6 


Effect  of  Cell  Configuration  on  Performance 


Cell 

Electrode 

Polarization  from  Methanol 
Theory  at  10  ma/cm^ 

H-shaped 

Foil 

0.74 

H-shaped 

Perforated  Foil 

0.70 

Cylindrical 

1 1 

0.44 

Cyl indrieal-ribbed 

" 

0.36 

r  -  r 


Figure  C-9 

Influence  of  Cell  Volume  on  Performance 


60°  C 
2500RPM 


1  mg/ml 


10  mg/ml 


Cell  Volume,  ml 


Part  b  -  Effect  of  Catalyst  Concentration  on  Slurry  Cell  Performance 

Having  established  suitable  operating  conditions  for  the  slurry  system, 
the  effect  of  catalyst  concentration  was  studied  using  platinum  black.  It  was 
found,  as  shown  in  Table  C-7,  that  performance  improved  with  catalyst  concentration. 
Thus,  polarization  decreased  by  150  mv  between  1  and  100  mg/ml  of  catalyst  at  50  ma/cm2 
in  the  75  ml  cell.  Complete  details  of  these  runs  are  given  in  Appendix  C-10. 

Table  C-7 

Influence  of  Platinum  Concentration  on  Methanol  Performance 
Cell  Volume  75  ml 


Catalyst  Cone, 


9 

Polarization  at  Indicated  ma/cm4 


100 


10 

50 

0.45 

0.57 

0.37 

0.48 

0.20 

0.32 

. 


4- 


4 


j 

J 


These  results  indicate  that  performance  levels  comparable  or  superior  to 
static  systems  can  be  achieved.  However,  considerably  larger  amounts  of  catalyst 
are  required.  In  addition  some  uncertainty  exists  as  to  the  exact  significance  of 
the  polarization  measurements  since  preliminary  experiments  have  suggested,  particu¬ 
larly  at  higher  catalyst  concentrations,  that  the  entire  slurry  possesses  electronic 
conductivity.  This  would  allow  current  flow,  and  hence  ohmic  polarization,  through 
the  whole  system.  In  turn  the  observed  polarization  would  then  be  a  function  of 
the  reference  electrode  placement.  This  effect,  as  well  as  methods  for  reducing  the 
total  amount  of  catalyst,  must  be  clarified  before  firm  conclusions  concerning  the 
slurry  system  can  be  arrived  at.  In  addition,  engineering  evaluations  of  the  power 
requirements  of  such  systems  are  also  required. 

Part  c  -  Performance  of  Decane  in  the  Slurry  Catalyst  System 

The  activity  of  decane  with  slurried  platinum  catalyst  was  investigated  in 
3.7M  sulfuric  acid  at  100°C  using  the  same  equipment  as  described  in  Part  a.  Condi¬ 
tions  were  optimized  at  3500  rpm,  with  33  and  50  vol  %  decane.  By  positioning  the 
rotating  anode  at  the  decane-sulfuric  acid  interface,  efficient  emulsification  was 
achieved.  It  was  found  necessary  to  wet  part  of  the  catalyst  with  each  phase  prior 
to  operation.  If  this  was  not  done  the  catalyst  tended  to  remain  wetted  with  which¬ 
ever  liquid  it  first  contacted,  resulting  in  poor  and  unstable  performance. 

The  activity  of  decane  in  this  system  was  higher  than  with  static  electrodes. 
For  example,  as  shown  in  Table  C-8,  polarizations  of  0.15,  0.21,  and  0.57  volts 
polarization  from  the  theoretical  decane  potential  were  measured  at  1,  10,  and  100 
ma/cm2  respectively  with  a  catalyst  concentration  of  50  mg/ml.  Complete  details  are 
given  in  Appendix  C-10. 


Table  C-8 


Decane  Performance  in  Slurry  Catalyst  System 
50  vol  %  Decane  -  50  vol  %  Sulfuric  Acid 


Catalyst  Cone, 
mg/ml 

Polarization  at  Indicated  ma/cm2 

1 

To 

1 

0.33 

— 

-- 

10 

-- 

0.39 

-- 

50 

0.15 

0.21 

0.57 

100 

0.12 

0.15 

0.41 

270 

-- 

-- 

0.22 

i 


■Jiu’ure  C-10  illustrates  that  these  performances  were  linear  with  catalyst  concentra¬ 
tion  over  the  entire  range  studied.  It  was  found  that  these  activities  were  stable 
with  Lime,  at  least  for  periods  of  up  to  4  hours,  at  which  time  the  experiments  were 
voluntarily  halted. 

In  other  studies  carried  out  with  Lhis  system,  it  was  found  LhaE  boiling 
the  emulsion  caused  a  severe  but  reversible  loss  of  performance .  The  addition  of 
a  surfactant,  tridecylpolyet.hoxy  alcohol,  caused  a  very  slight  improvement  in  activity 
at  100°C.  Pulsing  the  electrode  to  a  higher  current  density  and  then  returning  it  to 
the  original  value  produced  a  large  but  temporary  improvement.  Thus,  at  100  ma/cm2 
and  0.4  volts  polarization,  a  brief  period  at  200  ma/cm2  was  followed  by  a  new  polari¬ 
zation  at  100  ma/cm^  of  only  0.26  volts.  This  decayed  back  to  0.4  volts  over  a  2 
hour  interval . 


Figure  C-10 

Dependence  of  Decane  Performance 
on  Catalyst  Concentration 
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In  common  with  the  methanol  system,  decane  performance  appears  superior 
to  the  static  system.  However,  the  complications  discussed  in  connection  with  the 
former  fuel  which  need  further  study,  are  also  present  with  decane.  In  addition, 
the  wetting  effects  discussed  above  must  also  be  looked  at  more  carefully. 

Part  d  -  Performance  of  Other  Slurry  Catalysts 


A  number  of  catalysts  other  than  platinum  black  were  investigated  in  the 
slurry  cell  sysLem.  Thus,  the  P-type  catalyst  was  tested  with  methanol  and  the 
ruthenium-modified  P-type  with  decane.  Neither  catalyst  was  as  active  as  platinum, 
with  the  P-type  showing  a  polarization  of  0.39  and  0.61  volts  polarization  at  10  and 
100  ma/cm^  and  the  ruthenium-modified  P-type  having  a  limiting  current  of  only  10  ma/cm^ 
Both  catalysts  were  tested  at  a  concentration  of  about  10  mg/ml .  Several  supported 
catalysts,  prepared  by  radical  anion  reduction  (9)  of  platinum  on  Teflon  or  by  hydrogen 
or  sodium  borohydride  reduction  on  sand  were  also  tried  with  decane.  It  was  hoped 
that  these  supported  catalysts,  because  of  their  lower  density,  would  be  slurried 
more  easily  than  pure  platinum.  In  addition  they  should  afford  more  efficient  cata¬ 
lyst  utilization.  However,  no  activity  was  obtained  with  these  materials.  Further 
experimental  data  is  given  in  Appendix  C-10. 


Part  e 


-  Slurry  Catalyst  System  with  Buffer-  Electrolyte 

Several  runs  were  carried  out  in  which  the  sulfuric  acid  electrolyte  was 
replaced  by  1M  each  potassium  mono-dibasic  phosphate  buffer.  The  catalyst  was 
platinum  black,  tested  with  methanol  at  60°C  and  100  mg/ml  concentration,  and  with 
decane  at  95°C  and  50  mg/ml  concentration.  Complete  details  are  shown  in  Appendix 
C-10.  In  methanol,  performances  equivalent  to  those  in  acid  were  obtained  at  the 
lower  current  densities.  Thus  at  10  and  50  ma/cm^  respectively,  the  polarizations 
were  0.22  and  0.38  volts.  However,  beyond  50  ma/cm2  the  performance  became  unstable. 

It  was  found  that  the  activity  did  not  reach  a  plateau  with  stirring  rate  as  in  acid, 
but  exhibited  a  maximum  at  about  1500  rpm.  The  same  optimum  was  observed  with  decane, 
but  activity  in  this  system  was  comparable  to  acid  only  up  to  about  10  ma/cm2,  the 
polarization  being  0.21  volts.  Above  this  current  density  an  irreversible  decay 
occurred  and  the  catalyst  became  completely  decane  wetted.  Upon  cathod ization ,  the 
catalyst  became  completely  electrolyte  wetted  and  lost  all  activity.  These  results 
illustrate  the  importance  of  wetting  effects,  already  seen  with  the  acid  electrolyte, 
to  the  performance  of  the  slurry  system.  Further  work  will  be  needed  to  clarify 
these  observations. 

Phase  5  -  Xew  Materials 

One  method  of  minimizing  problems  of  corrosion  in  fuel  cells  has  already 
been  discussed,  the  use  of  buffer  electrolytes.  There  is  also  an  alternative 
approach  involving  the  search  for  materials  able  to  withstand  corrosive  electrolytes. 
Previous  work  has  been  carried  out  in  highly  concentrated  phosphoric  acid  at  elevated 
temperatures  (10)-  However,  since  the  bulk  of  our  work  involves  3.7  M  sulfuric  acid 
at  temperatures" of  100°C  or  less,  a  program  seeking  new  materials  stable  under  these 
conditions  has  been  instituted. 

Part  a  -  Cyclic  Voltammetry  of  Passivating  Metals 

A  variety  of  zirconium  and  zirconium  alloy  samples,  two  titanium-palladium 
alloys,  and  powdered  boron  carbide  and  boron  nitride  were  tested  by  cyclic 
vo 1 1 amrne try  in  3.7  M  sulfuric  acid  at  100°C.  A  sweep  rate  of  two  minutes  was  used 
to  cover  the  range  of  0  to  1.2  volts  from  the  standard  hydrogen  potential.  It  was 
found  that  a  nuclear  grade  hafnium- free  zirconium  sample  had  the  lovjest  anodic 
current,  about  2  microamps/cm^  at  0.8  volts.  The  others,  including  two  regular 
grades  of  zirconium  containing  0.05  and  0.2  wt  %  respectively  of  chromium  and  iron, 
zirconium  -5  wt  %  copper,  and  zirconium  -0.2  wt  "L  Pd,  as  well  as  the  two  titanium 
-0.15  wt  %  palladium  samples,  all  had  currents  about  ten  times  higher.  In  no  case 
was  catalytic  activity  observed  upon  addition  of  methanol. 

The  nuclear  grade  zirconium  was  further  tested  at  0.6  volts  for  a  period 
of  one  week.  A  steady  state  current  of  less  than  1  microamp/cm2  was  obtained,  but 
the  exact  current  could  not  be  determined  with  the  equipment  used.  Only  about  1  mg 
of  zirconium  was  found  in  the  electrolyte,  equivalent  to  a  loss  of  0.005  wt  7.  from 
the  20  gm  sample. 

The  powdered  boron  nitride  and  boron  carbide  samples  were  mixed  with 
Teflon  powder  and  pressed  into  tantalum  screens  for  testing.  Preliminary  tests 
indicate  that  both  may  undergo  alternate  oxidation  and  reduction  of  their  surfaces, 
rather  than  straight  corrosion.  This  will  be  investigated  further  to  determine  if 
they  indeed  do  not  corrode.  Neither  showed  any  activity  towards  methanol. 


Th>  development  of  non-noble  metal  catalysts  would  offer  a  decided  economic 
advantage  for  fuel  cell  use.  As  part  of  a  program  aimed  towards  this  end,  a  number 
of  base  metal  phthalocyanine  compounds  were  tested  for  catalytic  activity  with  hydro¬ 
carbons  and  oxygen.  In  contrast  with  other  work  conducted  with  basic  electrolytes 
(11),  these  tests  were  conducted  in  3.7  M  sulfuric  acid  in  the  hope  that  these  compounds 
would  stabilize  the  metal  components  in  acid  electrolyte  without  interfering  with 
their  catalytic  properties.  Several  were  also  tested  for  any  possible  synergistic 
effects  when  mixed  with  platinum. 

Part  a  -  Electrode  Preparation 

Electrodes  containing  phthalocyanine  catalysts  were  made  by  mixing  carbon 
powder  with  a  phthalocyanine  solution  in  cold  concentrated  sulfuric  acid.  Upon 
dilution  the  phthalocyanines  precipitated  in  a  very  finely  divided  state-  The  re¬ 
sulting  mixture  was  collected  by  settling  and  washed  thoroughly.  Teflon  powder  was 
then  added  and  the  mixture  pressed  into  a  platinum  gauze  at  10,000  psi.  Finally 
the  electrode  was  sintered  at  340°C.  When  it  was  desired  to  include  platinum  as  a 
co-catalyst,  platinized  carbon  was  either  added  prior  to  pressing,  or  else  the 
phthalocyanine- impregnated  carbon  was  re- impregnated  directly  with  chloroplatinic 
acid  and  reduced. 

The  phthalocyanine  compounds  themselves  were  synthesized  by  standard 
techniques  (12),  and  purified  by  washing  in  dilute  alkali  and  acid,  followed  by  pro¬ 
longed  Soxhlet  extraction  with  methanol.  Chemical  analyses  for  metal  contents  gave 
results  deviating  by  no  more  than  0.1%  from  theory.  The  completed  electrodes  were 
tested  in  cells  described  in  Appendix  A-2.  All  gases  fed  to  the  electrodes  were 
preheated  to  the  cell  temperature. 

Part  b  -  Metal  Phthalocyanines  as  Oxygen  Catalysts 

The  phthalocyanines  of  iron,  cobalt,  nickel,  manganese,  zinc,  copper,  and 
vanadium  were  tested  for  oxygen  catalyst  activity.  Initial  studies  were  carried 
out  in  3.7  M  sulfuric  acid  at  100°C,  but  parallel  work  with  ethane  showed  no  activity 
for  these  catalysts  with  hydrocarbons  at  these  conditions.  All  later  work  was  there¬ 
fore  performed  in  12.1  M  phosphoric  acid  (75  wt  %)  at  130oC.  Complete  details  of 
these  studies  are  shown  in  Appendix  C-ll. 


The  only  phthalocyanine  to  show  activity  greater  than  a  carbon  blank  was 
that  of  iron.  As  shown  in  Table  C-9,  the  initial  activity  of  this  compound  in  sul¬ 
furic  acid  was  0.1  volt  better  at  10  raa/cm2  than  the  carbon  blank.  In  phosphoric 
acid,  a  higher  phthalocyanine  content  was  necessary,  10  wt  %  giving  an  0.08  volt 
improvement  over  the  blank  at  10  ma/cm2.  For  the  same  electrode  tested  in  both 
electrolytes,  performance  deteriorated  more  rapidly  with  current  density  in  phosphoric 
acid,  due  possibly  to  a  greater  tendency  to  flood  the  carbon  electrode. 


Table  C-9 


Initial  Oxygen  Performance  of  Iron  Phthalocyanlne 


Polarization  from  Oxygen 

Theory  at  Indicated  ma/cm^ 

Electrode 

Electrolyte 

1 

10 

20 

Blank 

3*7  M  Sulfuric  Acid 

0.50 

0.68 

0.75 

M 

12. 1  M  Phosphoric  Acid 

0.49 

0.68 

0.79 

Iron  Phthalocyanine, 

5  wt  7 

3.7  M  Sulfuric  Acid 

0.47 

0.58 

0.63 

" 

12.1  M  Phosphoric  Acid 

0.53 

0.67 

0.84 

Iron  Pht halocynnine , 

10  wt  % 

12.1  M  Phosphoric  Acid 

0.44 

0.60 

0.72 

In  all  cases  these  initial  activities  decayed  with  time,  approaching  equilibrium 
values  close  to  or  poorer  than  the  blanks. 

The  chemical  stability  of  these  compounds  under  cathodic  conditions, 
indicated  by  lack  of  color  formation  in  the  electrolyte,  appeared  good  in  sulfuric 
acid  at  100°C.  In  phosphoric  acid  however,  some  color  developed,  indicating 
chemical  attack.  Anodization  under  oxygen  caused  strong  color  formation  and,  with 
the  exception  of  the  vanadium  compound,  further  loss  of.  activity.  This  latter 
catalyst  was  slightly  improved  by  brief  anodization,  but  harmed  by  further  treatment. 
In  any  event,  it  does  not  appear  that  any  of  these  compounds  show  promise  as  cathode 
catalysts  in  acid  electrolytes. 

Part  c  -  Metal  Phthalocyanines  as  Hydrocarbon  Catalysts 

Most  of  the  phthalocyanines  described  in  Part  b  were  also  tested  for  their 
activity  as  anode  catalysts,  using  ethylene  or  ethane  in  12.1  M  phosphoric  acid  at 
130°C.  Appendix  C-12,  Group  A,  describes  preliminary  screening  aimed  at  determining 
their  approximate  .activity  levels  while  Group  B  shows  more  accurate  measurements  of 
the  low  current  density  performance  of  the  carbon  blank,  and  zinc  and  copper 
phthalocyanines.  The  copper  complex  was  the  only  one  able  to  sustain  currents  lor 
extended  periods  of  time.  However,  the  performance  was  quite  poor  and  required 
prolonged  cathodization  for  activation.  Runs  with  nitrogen  showed  that  the  activity 
was  due  to  ethylene  oxidation  and  not  oxidation  of  adsorbed  hydrogen  or  some  other 
species.  A  comparison  of  copper  phthalocyanine  performance  with  that  of  the  carbon 
blank  using  ethylene  is  given  in  Table  C-10.  It  is  apparent  that  these  metal 
phthalocyanines  are  not  very  active  catalysts  for  hydrocarbon  oxidation. 
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Polarization  from  Ethylene 

Theory  at  Indicated  ma/cm2 

Electrode 

0.05 

o.i 

0.5 

Blank 

0.53 

0.78 

Copper 

Phthalocyanine,  10  wt  7, 

0.33 

0.69 

Part  d  -  Platinum-Metal  Phthalocyanine 
Mixtures  ns  Oxygen  Catalysts 

Several  physical  mixtures  of  platinized  carbon  and  phthalocyanine-impreg- 
nated  carbon,  prepared  as  described  in  Part  a,  were  tested  for  activity  towards 
oxygen  in  12.1  M  phosphoric  acid  at  130°C.  In  addition,  two  carbon  "blanks",  con¬ 
taining  only  platinum,  were  also  tested.  In  all  cases  a  platinum  concentration  of 
1.3  mg/cm2  was  used.  The  activities  of  these  electrodes  were  found  to  vary  in  a 
complex  manner  with  the  way  in  which  they  were  tested.  Thus,  the  best  sample,  con¬ 
taining  copper  phthalocyanine,  became  progressively  better  with  operation  and  finally 
reached  a  steady  performance  of  0.53  volts  polarization  at  100  ma/cm2.  On  the  other 
hand,  blank  "A",  identically  treated,  showed  initial  improvement  with  cathodic 
operation  but  then  decayed  badly,  especially  at  higher  current  densities.  This  was 
probably  due  to  gradual  flooding  of  the  electrode.  These  results  are  shown  in 
Table  C-ll. 


Table  C- 11 


Oxygen  Performance  of  Metal  Phthalocyanine- 
Plat inum  Mixtures 


Electrode 

Reading 

Polarization  from  Oxygen 

Theory  at  Indicated  ma/cm^ 

i 

10 

20 

100 

Blank  "A" 

Initial 

0.32 

0.42 

0.46 

0.61 

Final 

0.30 

0.38 

0.95 

-- 

Best 

0.28 

0.63 

0.43 

0.61 

PI at inum- Copper 

Initial 

0.53 

0.86 

1.18 

-- 

Phthalocyanine 

Final 

0.27 

0.38 

0.42 

0.56 

Best 

0.26 

0.37 

0.42 

0.53 

Of  the  remaining  electrodes  tested,  a  blank  prepared  from  carbon  which 
was  rtOt  treated  with  concentrated  sulfuric  acid  did  not  lose  activity  with  prolonged 
cathodic  operation,  but  did  under  anodic  conditions.  Another  copper  phthalocyanine 
electrode,  which  had  been  tested  first  as  an  anode,  tended  to  flood  when  run  cathod- 
ically,  although  its  initial  performance  was  comparable  to  that  shown  in  Table  C-ll. 
In  addition,  iron  and  vanadyl  phthalocyanine  electrodes  were  poorer  than  the  copper 
samples,  as  was  an  electrode  made  by  impregnating  copper  phthalocyanine-containing 
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carbon  directly  with  platinum.  Complete  details  of  all  runs  are  given  in  Appendix 
C- 13 .  From  these  results,  it  is  difficult  to  detect  any  catalytic  synergistic  effects. 
However,  it  does  appear,  at  least  in  the  case  of  the  copper  phthalocyanine ,  that  the 
wetting  characteristics  of  the  electrode  have  been  improved. 

Part  e  -  rlatinum-Metal  Phthalocyanine 

Mixtures  as  Hydrocarbon  Catalysts 

The  electrodes  tested  as  cathodes  in  Part  d  were  then  also  tested  as  fuel 
electrodes  in  12.1  M  phosphoric  acid  at  130°C  with  ethylene.  In  addition,  a  fresh 
copper  electrode  was  also  checked.  Blank  "A",  prepared  from  carbon  treated  with 
concentrated  sulfuric  acid,  deteriorated  with  anodic  operation,  apparently  due  to 
flooding.  Blank  ”B",  made  with  untreated  carbon,  and  the  aged  copper  sample  both 
showed  stable  performance,  indicating  that  cathodic  operation  had  induced  stabiliza¬ 
tion.  In  contrast  the  fresh  copper  electrode  actually  improved  with  anodic  polariza¬ 
tion,  but  was  still  inferior  to  its  cathodically  aged  twin  at  steady  state.  The  iron 
sample  was  stable,  but  no  better  than  Lhe  blanks,  while  the  vanadyl  electrode  decayed 
badly  with  use.  The  only  clear  cut  performance  advantage  over  the  blanks  was  shown 
by  the  copper  phthalocyanine -containing  electrodes,  especially  at  higher  current 
densities.  As  shown  in  Table  C-12,  the  mixed  samples  could  reach  100  ma/cm^,  although 
at  high  polarization  levels.  Complete  performance  details  are  given  in  Appendix  C- 14 . 


Table  C-12 

Hydrocarbon  Performance  of  Metal  Phthalocyanine 
Platinum  Mixtures 


Electrode 

Polarization  from  Ethylene 

Theory  at  Indicated  ma/cm2 

1 

10 

50 

100 

Blank  "B" 

0 . 44 

0.57 

0.75 

-- 

Copper,  aged 

0.40 

0.55 

0.72 

0.85 

Copper,  fresh 

0.44 

0.62 

0.76 

0.82 

Operation  under  more  severe  conditions,  in  14.7  M  phosphoric  acid  (85  wt  7) 
at  160°C  with  ethylene  and  ethane  also  showed  the  copper  samples  to  be  more  stable. 
Re-running  as  cathodes  following  this  also  confirmed  this  conclusion.  A  clue  to 
the  reason  for  these  effects  was  given  by  seme  results  with  hydrogen  at  130°C.  The 
blank  e 1 ec trode  "B" ,  containing  only  p 1  at i num, f at  led  at  less  than  20  ma/cm^.  However, 
the  copper  sample  was  still  polarized  only  0.09  volts  at  100  ma/cm^.  Based  on  these 
results,  no  direct  chemical  synergism  can  be  established,  but  an  improvement  in  the 
wetting  properties  of  the  copper  phthalocyanine-contal  nir.g  electrode  does  seem  to 
occur . 


65 


4.4  Task  D,  Methanol  Electrode 


Work  on  the  development  of  more  active  catalysts  for  the  methanol  anode 
has  continued.  Emphasis  has  been  placed  on  new  preparative  procedures  for  two  and 
three  component  catalyst  systems  based  on  ruthenium,  with  particular  attention  both 
to  initial  activity  and  to  ability  to  withstand  overpolarization,  drying,  and  severe 
handling  techniques.  Other  work  in  this  area  included  attempts  to  improve  the 
stability  of  P- type  catalysts,  the  development  of  a  technique  to  increase  the  specific 
surface  area  of  present  catalysts,  the  application  of  the  radical  anion  technique  to 
catalyst  preparation,  and  an  adsorption  study  with  the  Pt-Re  }0^  system  to  further  our 
understanding  of  its  mechanism. 

Phase  1  -  Preparation  and  Performance 

of  Platinum -Ruthenium  Catalysts 

It  was  previously  reported  that  platinum-ruthenium  catalysts  were  signifi¬ 
cantly  better  than  platinum,  although  not  as  good  as  P-type  catalysts (£) .  Problems 
also  existed  with  the  stability  of  the  catalyst,  although  the  addition  of  other  com¬ 
ponents  was  reported  to  improve  both  the  stability  and  the  activity  of  the  catalyst (4). 
A  thorough  study  of  the  two  component  system  was  made,  with  the  effort  concentrated 
on  composition  and  preparation  techniques. 

Part  a  -  Performance  of  Pt-Ru  Catalysts 
as  a  Function  of  Composition 

A  number  of  catalysts,  containing  various  amounts  of  ruthenium,  were  pre¬ 
pared  by  sodium  borohydride  reduction.  The  catalysts  were  tested  in  3.7  M  H2SO4 
containing  1  M  methanol  at  60°C.  The  results  showed  that  the  activity  increased 
with  increasing  ruthenium  content  up  to  33  atom  %,  and  then  remained  essentially 
constant  up  to  70  atom  %,  at  a  value  of  about  0.34  volts  polarization  at  50  ma/cm^ . 
Tafel  slopes  of  0.06  volts  per  decade  of  current  were  routinely  obtained  on  these 
catalysts,  the  same  value  usually  obtained  with  platinum  alone.  These  results  are 
outlined  in  Figure  D- 1  and  in  Appendix  D-l.  Therefore,  the  platinum-ruthenium 
system  produces  a  highly  active  catalyst  for  methanol  oxidation,  tomparalilc  „t  30 
ma/cm^  to  the  P-type  catalyst (4) . 
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Figure  D-l 

Effect  of  Ruthenium  Content  on  Methanol  Performance 


Atom  %  Ruthenium 


Analytical  results  indicated  that  the  reduction  technique  used  resulted 
in  complete  reduction  of  the  metal  salts,  l^PtClt,  and  RUCI3,  used  in  the  preparation 
of  the  catalyst.  The  lack  of  color  of  the  supernatant  solution  after  the  reduction 
step  supported  this  idea.  The  analytical  results  are  shown  in  Table  D-l. 

Table  D-l 

X-ray  Fluorescence  Analysis  of  Platinum-Ruthenium  Catalysts 


Composition,  Atom  %  Ruthenium 


So lut ion 

Before  Reduction 

10 

20 

33 

50 

70 

Recovered 

Catalyst 

6 

16 

32 

53 

71 
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Part  b  -  Performance  of  Pt-Ru  Catalysts  as 

a  Function  of  Preparative  Technique 

With  a  fixed  composition,  the  final  activity  of  the  catalyst  was  relatively 
independent  of  the  technique  used  for  reduction.  As  an  example,  Pt-40  Ru  catalyst 
was  prepared  using  sodium  borohydride,  hydrogen,  and  formaldehyde  as  reducing  agents. 
The  resulting  catalysts,  when  used  as  methanol  anodes  in  3.7  M  H2SO4  at  60°C,  gave 
polarizations  of  0.33,  0.29,  and  0.35  volts  at  50  ma/cm2  respectively.  These  results 
are  listed  in  Table  D- 2  and  Appendix  D-l. 


Table  D-2 


Effect  of  Reduction  Method  on  Performance 


1  M  methanol ,  3.7M  K2SO4,  60°C,  20  mg  Pt-40  Ru/cm2 


Reductant 

Polarization  at  Indicated  ma/cm2,  volts 

1 

10 

50 

100 

NaBH4  (20 °C) 

0.22 

0.28 

0.33 

0.35 

H2  ( 180°C) 

0.18 

0.25 

0.29 

0.32 

CH20  (70°C) 

0.27 

0.32 

0.35 

0.36 

Thus,  the  activity  of  the  platinum-ruthenium  system  is  relatively  insensi¬ 
tive  to  preparation  technique. 

In  order  to  prepare  catalysts  with  activities  such  as  those  listed  above, 
it  was  found  necessary  to  provide  an  activation  treatment  by  exposure  of  the  catalyst, 
or  of  the  electrode  after  preparation,  to  a  basic  solution.  The  effect  of  this 
activation,  on  an  electrode  made  from  a  representative  batch  of  Pt-40  Ru  catalyst 
prepared  by  sodium  borohydride,  was  to  decrease  the  polarization  at  50  ma/cm2  from 
0.40  volts  to  0.33  volts.  These  data  are  listed  in  Table  D-3.  Other  examples  can 
be  found  in  Appendix  D-l. 


Table  D-3 


Effect  of  Electrode  Treatment  in  KOH  on  Methanol  Activity 
Pt-40  Ru,  1  M  methanol,  3.7  M  H2SO4,  60°C 


Time  in 

6  M  KOH 

Polarization  at  Indicated  ma/cm 

,  volts 

1 

10 

50 

100 

None 

0.25 

0.34 

0.40 

0.43 

1  minute 

-- 

0.31 

0.35 

0.38 

10  minutes 

0.23 

0.28 

0.33 

0.36 

64  hours 

0.22 

0.28 

_ 

0.33 

0.35 

(1)  Catalyst  treated  prior  to  electrode  fabrication. 
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Similar  effects  were  found  for  catalysts  prepared  by  hydrogen  reduction. 
Since  formaldehyde  reduction  was  carried  out  in  basic  solution,  such  a  treatment 
was  unnecessary  and  of  no  value. 

With  respect  to  reduction  by  hydrogen,  an  investigation  of  the  reduction 
temperature  on  catalyst  activity  was  made.  The  results  showed  that  platinum-ruthenium 
catalysts,  reduced  at  260°C  and  185°C,gave  polarizations  at  50  ma/cm^  of  0.30  and 
0.29  volts , respectively .  Higher  temperature  reductions  with  both  hydrogen  and  carbon 
monoxide  produced  less  active  catalysts,  perhaps  because  of  loss  of  surface  area  due 
to  sintering.  These  data  are  listed  in  Appendix  D-l. 

Physical  mixtures  of  finely  divided  platinum  and  ruthenium  were  tested  for 
methanol  activity.  The  initial  performance  of  this  catalyst  was  rather  poor,  being 
polarized  0.48  volts  at  50  ma/cm^.  However,  the  activity  could  be  markedly  improved 
by  a  voltage  scanning  technique  in  which  the  potential  of  the  electrode,  in  the 
absence  of  fuel,  is  repeatedly  driven  at  a  constant  rate  between  incipient  hydrogen 
evolution  and  incipient  oxygen  evolution.  After  ten  of  these  cycles,  the  polariza¬ 
tion  at  50  ma/cm^  decreased  0.08  volts  to  0.40  volts  polarization.  These  results 
are  presented  in  Table  D-4. 


Table  D-4 


Effect  of  Voltage  Scanning  on  Physical  Mixture  of  Pt  and  Ru 


No.  of  Times 

Scanned  from 

Polarization  at  Indicated  ma/cm2 

,  volts 

0  to  1.5  Volts  Polarized 

1 

10 

50 

100 

None 

0.25 

0.43 

0.48 

0.52 

10 

0.26 

0.34 

0.40 

0.44 

Changes  in  the  scan  pattern  were  observed  with  successive  scans  showing 
less  and  less  contribution  from  platinum  and  more  closely  approaching  the  type  of 
scan  obtained  with  co- reduced  components.  These  changes  are  outlined  in  Appendix  D-2. 
These  results  indicate  the  possibility  of  a  redox  mechanism  involving  an  oxide  of 
ruthenium. 

Phase  2  -  Characteristics  of  Modified  P-type  Catalysts 

A  study  of  the  effects  on  the  characteristics  of  P-type  catalysts  by 
modification  with  controlled  amounts  of  ruthenium  was  made.  This  study  included 
preparation  variables,  initial  performance,  stability,  tolerance  to  low  methanol 
concentration,  and  ease  of  fabrication  of  large  electrodes.  These  are  the  most 
important  characteristics  needed  by  a  methanol  anode  catalyst. 

Similar  but  more  limited  studies  were  carried  out  on  P-type  catalysts 
stabilized  with  potassium.  The  P-type  catalyst  has  the  disadvantage  of  being  easily 
deactivated  by  overpolarization  or  improper  handling.  This  disadvantage  could  be 
overcome  to  some  extent  by  changes  in  the  preparation  of  the  catalyst. 
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lysts,  irrespective  of  their  methods  of  manufacture,  showed  no  loss  of  performance 
when  subjected  to  this  overpolarization  test.  Ruthenium  modified  P-type  catalysts 
were  not  completely  stable,  commonly  exhibiting  a  shift  in  Tafel  slope  to  values 
close  to  0.06  volts  per  decade,  although  the  overall  performance  loss  at  50  to  100 
ma/cm^  varied  between  no  change  and  30  millivolts.  Potassium  stabilized  P-type 
catalysts  always  lost  about  60  millivolts  following  overpolarizations.  Representative 
data  are  outlined  in  Table  D-5.  Complete  data  are  included  in  Appendix  D-  1 . 

Table  D-5 

Effect  of  Overpolarization  on  Methanol  Catalysts 
1  M  methanol,  3.7  M  H2S04,  60 °C 


_ Catalyst  Type _ 

P-type  (K  stabilized) 

Ruthenium  Modified  P-type 

Platinum- Ruthenium 


Thus,  in  this  test,  both  the  platinum-ruthenium  and  ruthenium  modified 
P-type  are  superior  to  the  stabilized  P-type. 

A  separate  study  of  the  potassium  stabilized  P-type  catalyst  indicated 
that  in  3.7  M  H^SO^  containing  1  M  methanol  and  1  M  potassium  sulfate,  no  performance 
loss  was  found  upon  overpolarization.  However,  in  0.05  M  methanol, the  added  salt 
had  no  effect.  These  data  are  illustrated  in  Table  D-  6  . 


Table  D- 3 

Effect  of  Overpolarization  on  P-type  Electrodes 


Overpolarized 

|  Polarization  at  Indicated  ma/cm2,  volts 

1 

10 

1  _  50  J 

100 

No 

0.17 

0.26 

0. 

.34 

0.38 

Yes 

0.22 

-- 

0. 

.39 

0.43 

No 

0.  16 

0.24 

0. 

.30 

0.33 

Yes 

0. 19 

0.25 

0. 

.31 

0.34 

No 

0.24 

0.30 

0. 

,34 

0.36 

Yes 

0.24 

0.28 

0. 

32 

0.34 

Reducing 

Agent 

Methanol 

Concentration, 

M 

Potas  s ium 
Sulfate  Cone, 

M 

Performance 

Loss, 

millivolts 

KBH4 

1.0 

80 

NaBH4 

1.0 

— 

150 

kbh4 

1.0 

1.0 

0 

kbh4 

0.05 

0.01 

50 

kbh4 

0.05 

0.05 

60 

kbh4 

0.05 

0.10 

60 

kbh4 

0.05 

0.50 

60 

Ml 


Thus,  although  the  potassium  stabilized  P-type  catalyst  has  stability  to 
over polarization  greatly  superior  to  P-type,  losses  in  performance  are  still  encountered 
under  conditions  of  low  methanol  concentration. 

A  further  indication  of  the  stability  of  the  catalysts  containing  ruthenium 
was  obtained  by  observing  the  effect  on  performance  of  representative  catalysts  before 
and  after  complete  drying  in  air.  The  dried  catalyst  was  fabricated  into  test  elec¬ 
trodes  by  intermixing  with  10  wt  %  Teflon  powder  (Dupont  #7)  before  pressing. 

Methanol  activities  were  measured  at  60°C  in  3.7  M  H2SO4  containing  1  M  methanol 
using  catalyst  from  the  same  batch  before  and  after  drying  in  air.  A  ruthenium  modified 
P-type  catalyst  lost  only  30  to  40  millivolts  on  air  drying,  while  platinum-ruthenium 
was  equally  active,  whether  dried  or  not.  These  data  are  shown  in  Table  D- 7 . 

Other  examples  appear  in  Appendix  D-l.  This  stability  of  performance  when  air  dried 
is  of  particular  benefit  during  the  fabrication  of  large  electrodes.  It  means  that 
fewer  precautions  are  required  to  prevent  the  drying  out  of  the  catalyst. 

Table  D-7 

Effect  of  Air  Drying  on  Methanol  Performance 
1  M  methanol,  3.7  M  H2SO4,  60 °C 


_ Catalyst _ 

Ruthenium  Modified 
P-type 

Platinum -Ruthenium 


An  anode  operating  in  a  methanol  battery  stack  could  be  subjected  to 
severe  overpolarization  if  its  supply  of  methanol  was  temporarily  interrupted. 
Therefore,  an  electrode  subjected  to  such  a  condition  must  be  capable  of  recovery 
when  the  supply  of  methanol  is  restored.  Two  requirements  for  a  satisfactory  cata¬ 
lyst  exist.  There  is  no  permanent  loss  of  activity  due  to  the  overpolarization 
itself,  and  secondly  the  catalyst  has  the  ability  to  recover  potential  against  the 
current  being  supplied  by  the  other  cells  in  the  battery.  Since  the  platinum- 
ruthenium  system  satisfies  the  first  requirement,  an  experiment  was  set  up  to  test 
the  second. 


1 

Polarization  at  Indicated  ma/cm2 

,  volts 

Dried 

1 

10 

50 

100 

No 

0.13 

0.22 

0.28 

0.31 

Yes 

0.17 

0.26 

0.31 

0.35 

No 

0.23 

0.29 

0.34 

0.36 

Yes 

0.22 

0.28 

0.33 

0.36 

In  order  to  simulate  the  condition  existing  with  methanol  starvation  in 
a  single  cell,  a  platinum- ruthenium  electrode  was  potentiostatted  at  a  potential  of 
0.96  volts  polarized  from  methanol  theory  at  60°C  in  3.7  M  sulfuric  acid.  A  constant 
current  driver  was  connected  in  parallel,  delivering  50  ma/cm2  anodic  current.  Under 
these  conditions,  the  net  current  through  the  electrode  is  zero,  simulating  a  situation 
where  the  anode  and  cathode  are  connected  with  a  diode  shunt.  Methanol  was  added 
stepwise,  and  the  difference  in  current  being  supplied  by  the  driver  and  potentiostat 
observed.  This  difference  represents  the  current  capabilities  of  the  electrode  at 
the  fixed,  highly  anodic  potential.  Recovery  of  the  electrode  is  then  indicated  by 
a  change  in  sign  of  the  current  supplied  by  the  potentiostat. 

For  the  p lat inum- ruthenium  electrode,  recovery  was  observed  at  a  methanol 
concentration  slightly  greater  than  0.1  M,  indicating  no  problems  would  exist  with 
temporary  methanol  starvation.  These  data  are  outlined  in  Table  D-8. 
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Table  D-8 


Recovery  of  a  Highly  Polarized  Platinum -Ruthenium  Electrode 
Electrode  potentiostatted  at  0.96  volts  polarized,  3.7  M  H2SO4,  60°C 


Methanol 

Concentration 

Anodic  Current 
(Driver), 
ma/ cm^ 

Cathodic  Current 
(Potentio|tat) , 
ma/  cin 

Current  Supplied 
by  Electrode, 
ma/ cm^ 

0 

50 

50 

0 

0.1  M 

50 

8 

42 

0.2  M 

50 

-50 

100 

Part  c  -  Catalyst  Life  Studies 

Life  testing  of  P-type  catalysts  has  been  concluded,  and  life  tests  of 
platinum- ruthenium  and  ruthenium  modified  P-type  catalysts  begun.  Testing  is 
carried  out  at  50  ma/cin2  in  3.7  M  H2SO4  containing  1  M  methanol  at  either  60°C  or 
82°C.  Electrodes  are  operated  in  a  driven  system  with  a  platinum  mesh  cathode, 
power  being  supplied  by  a  constant  current  source.  Cells  are  routinely  open  cir¬ 
cuited  for  a  few  minutes  each  day. 

Test  results  show  that  P-type  and  Pt-Ru  catalysts  have  relatively  good 
stability  with  performance  declines  of  approximately  10  millivolts  per  1000  hours. 
The  ruthenium  modified  catalyst  tests  have  not  progressed  sufficiently  for  certain 
judgment,  although  no  serious  short  term  deactivation  is  apparent.  Results  of 
these  tests  appear  in  Appendix  D-3. 

Part  d  -  Catalyst  Tolerance  to  Low  Methanol  Concentration 

A  study  was  conducted  to  compare  the  three  catalysts  of  interest  in  terms 
of  their  ability  to  maintain  good  performance  at  low  methanol  concentration.  Low 
concentrations  are  essential  for  reducing  the  transport  of  methanol  to  the  air  elec¬ 
trode  and  hence  minimizing  voltage  losses  at  this  electrode.  The  criterion  used 
was  the  difference  in  polarization  at  constant  current  density  in  the  Tafel  region 
when  the  methanol  concentration  was  changed  from  1  M  to  0.05  M.  In  this  test, 
platinum- ruthenium  lost  only  about  25  millivolts,  ruthenium  modified  P-type  lost 
45  to  70,  and  potassium  stabilized  P-type  lost  about  90.  These  data  are  summarized 
in  Table  D-9. 

Table  D-9 


Comparison  of  Activity  Losses  Using 
0.05  M  and  1  M  Methanol  Concentrations 


Catalyst 

No.  of  Tests^^ 

Voltage  Loss  in  0.05  M  Methanol 
Compared  with  1  M  Methanol,  mv 

Pt-40  Ru 

8 

26  +  8 

Ruthenium  Modified  P-type(2) 

7 

46  +  14 

Ruthenium  Modified  P-type^-1 

9 

73  +  14 

P-type 

6 

92  +  5 

(1)  Different  catalyst  batches.  (3)  RuP-1,  RuP-4,  RuP-5. 

(2)  RuP-2,  RuP-3 ,  RuP-6. 


Part  e  -  Fabrication  of  Large  Electrodes 


In  order  to  easily  prepare  large  electrodes  certain  bulk  catalyst  properties 
are  required.  The  most  important  of  these  appears  to  be  the  easy  formation  of 
agglomerates  of  the  fine  particles  of  catalyst  after  the  reduction  step.  Unless  this 
occurs,  washing  and  recovery  of  the  catalyst  by  centrifuging  can  be  a  tedious  pro¬ 
cedure.  A  new  simplified  procedure  was  developed  for  catalyst  manufacture  which 
provides  catalysts  with  the  bulk  properties  required  for  easy  application  to  large 
electrodes.  In  this  procedure,  reductions  are  carried  out  in  concentrated  solutions 
at  room  temperature,  using  slow,  quantitative  additions  of  borohydride  solution. 

The  catalyst  in  this  form  is  easily  separated  without  centrifuging.  After  the 
electrode  is  made,  the  necessary  activation  step  is  accomplished  by  exposure  to 
6  M  KOH. 


Data  available  at  this  time  indicate  that  catalyst  prepared  by  this  pro¬ 
cedure  may  suffer  a  small  activity  loss,  when  compared  with  catalyst  prepared  by 
the  more  complicated  techniques  used  in  much  of  the  work.  This  activity  loss, 
amounting  to  40  millivolts  at  50  ma/cm2,  is  indicated  by  the  data  outlined  in  Table  D-10. 
Complete  data  are  listed  in  Appendix  D- 1 .  However,  this  decline  is  not  too  important 
considering  the  added  advantages  in  making  larger  electrodes. 

Table  D-10 


A.ctivity  Debit  of 
Simplified  Preparation  Procedure 


Catalyst  Preparation 
Procedure 

Volts  Polarized 
at  50  ma/cm2* 

Simplified 

C  33  +  .02 

Standard 

0.29  +  .02 

— 

*  Based  on  six  tests  with  each  method. 


Part  f  -  Effect  of  Nitric  Acid  on 

Stabilized  P-type  Electrodes 

Earlier  work  has  shown  the  P-type  catalyst  to  be  poisoned  by  the  presence 
of  nitric  acid(£).  Tests  were  also  made  with  the  potassium  stabilized  P-type  cata¬ 
lyst  in  3.7  M  sulfuric  acid  and  1  M  methanol  with  1  M  potassium  sulfate  added.  It 
was  found,  as  shown  in  Table  D-ll,  that  the  stabilized  catalyst  was  also  sensitive 
to  nitric  acid.  Thus  at  50  ma/cm2  it  lost  40  mv  with  0.1  vol  °U  nitric  acid  added 
and  100  mv  with  0.5  vol  °L.  These  results  are  essentially  similar  to  the  earlier 
findings . 


Table  D-ll 


Performance  of  Stabilized  P-type 
Electrode  in  the  Presence  of  Nitric  Acid 


Nitric  Acid,  vol  % 

0 

0.1 

CM 

O 

0.3 

0.5 

Polarization,  volts 

0.33 

0.37 

0.39 

0.40 

0.43 
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Experiments  with  ruthenium  containing  catalysts  showed  even  greater  per¬ 
formance  loss  on  nitric  acid  addition. 

Phase  3  -  Procedures  Aimed  at  Enhancing  Methanol  Performances 

In  addition  to  the  catalyst  work  already  described,  which  was  aimed  at 
producing  by  simple  techniques  a  platinum-containing  catalyst  of  high  activity 
meeting  the  requirements  of  the  methanol  anode,  a  number  of  other  studies  were  carried 
out  which,  potentially  at  least,  could  provide  better  catalysts  and  structures  for 
the  methanol  anode.  These  included  a  study  of  catalyst  preparation  in  non-aqueous 
solution  by  means  of  radical  anion  reduction,  using  both  noble  and  non-noble  com¬ 
ponents,  a  modified  preparation  technique  aimed  at  increasing  the  surface  area  of 
catalyst  preparations,  and  attempts  to  modify  the  structure  of  a  methanol  anode  to 
increase  catalyst  utilization. 

Part  a  -  Radical  Anion  Reduced  Catalysts 

In  the  search  for  more  active  methanol  catalysts,  an  evaluation  was  made 
of  the  use  of  radical  anion  reduction^)  for  preparing  catalysts.  The  reducing 
agent  employed  is  the  radical  anion  formed  from  the  reaction  of  metallic  sodium  or 
other  alkali  metals  with  certain  organic  compounds,  such  as  naphthalene.  The  radical 
anion  is  stabilized  in  an  ether  solvent,  such  as  tetrahydrofuran,  and  is  then  able 
to  reduce  other  metal  salts  to  a  high  surface  area  precipitate. 

Using  this  technique, binary  and  a  few  ternary  catalyst  combinations  were 
evaluated  as  methanol  electrodes.  These  consisted  of  platinum  and  a  number  of  noble 
and  base  metals.  With  the  exception  of  Pt-Ru,  none  of  the  catalysts  proved  to  be 
better  than  platinum.  The  Pt-Ru  electrodes  were  polarized  0.24  volts  at  1  ma/rm2 
and  0.37  volts  at  100  ma/cm2.  This  catalyst  performance  was  stable  with  the  polariza¬ 
tion  increasing  by  only  10  mv  during  a  two  week  period.  Storage  had  little  effect 
upon  performance.  These  results  are  presented  in  Table  D-12  and  summarized  in 
Appendix  D-4,  D-5  and  D-6. 


Table  D-12 

Performance  of  Radical 
Anion  Reduced  Pt-Ru  Catalysts 

3.7  M  sulfuric  acid,  1  M  methanol,  60°C 


Polarization  at  Indicated  ma/cm 

2 ,  volts 

Catalyst 

1 

10 

50 

100 

Pt-20  Ru 

0.24 

0.31 

0.36 

0.38 

Pt-20  Ru  (repeat) 

0.28 

0.33 

0.37 

0.38 

Pt-33  Ru 

0.24 

0.29 

0.34 

0.36 

Pt-33  Ru,  stored 
in  H2O  for  3  days 

0.23 

0.30 

0.34 

0.37 

These  results  indicate  that  this  technique  has  no  special  advantage  over 
the  other  reduction  methods  used  for  preparing  these  catalysts. 
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Part  b  -  Preparation  of  Platinum 

with  Increased  Surface  Are  a 


Commercial  platinum  black  has  been  extensively  used  as  a  catalyst  for  fuel 
cell  anodes.  Its  superior  activity  may  be  related  to  a  higher  specific  surface  area 
than  many  other  forms  of  platinum.  A  technique  designed  to  produce  platinum  having 
increased  specific  surface  area  was  tried.  This  technique  consisted  of  preparing 
a  finely  divided  platinum  silver  mixture  by  reduction  at  elevated  temperature  using 
hydrogen,  followed  by  a  leaching  of  silver  from  the  mixture.  Two  leaching  techniques 
were  tried,  one  consisting  of  anodization  to  potentials  where  silver  is  dissolved, 
and  a  simple  nitric  acid  treatment  of  the  mixture. 

Surface  area  measurements  were  carried  out  on  samples  of  the  catalyst  using 
an  electrochemical  technique.  This  consisted  of  measurement  of  the  coulombs  required 
to  reduce  the  layer  of  oxide  formed  by  polarizing  the  catalyst  to  incipient  oxygen 
evolution  in  sulfuric  acid.  In  addition  methanol  performance  was  measured  and 
correlated  with  the  surface  area  measurements. 

Electrochemical  measurements  showed  that  platinum  prepared  in  this  manner 
had  surface  areas  at  least  1.5  times  that  of  commercial  platinum  black.  In  addition, 
more  than  proportionate  increases  in  methanol  activity  resulted,  the  specific  methanol 
activity  of  the  highest  surface  area  sample  being  about  three  times  that  of  commercial 
platinum  black.  This  observation  may  be  explained  by  the  assumption  that  increases 
in  surface  area  result  in  a  higher  proportion  of  more  active  dislocations.  Data 
from  which  these  conclusions  were  drawn  are  outlined  in  Table  D-  13- 


Table  D -  1  3 

Use  of  Silver  for  Increasing  Platinum  Surface  Area 


Source  of  Platinum 

Surface  Area 
millicoul/mg 

Specific  Methanol  Activity 
ma/mg  at  0.45  volts  Polarization 

Commercial 

100 

1.2 

(Engelhard) 

Pt-25  Ag  (Anodized) 

160 

2.0 

Pt-25  Ag,  UN03<1) 

177 

4.0 

(1)  Yield  indicated  complete  removal  of  silver. 


Conventional  performance  runs  using  1  M  methanol  in  3.7  M  sulfuric  acid 
at  60°C  confirmed  the  conclusion  that  this  preparative  technique  produces  platinum 
of  enhanced  activity.  These  data  are  listed  in  Table  D-  14. 


Performance  of  Platinum  as  Methanol  Catalyst 


Preparative  Technique 

Polarization  at  Indicated  ma/cnF 

,  volts 

1 

10 

50 

100 

NaBH4 

0.40 

0.46 

0.50 

0.55 

Radical  Anion 

0.27 

0.43 

0.47 

0.50 

Commercial 

0.37 

0.43 

0.47 

0.51 

Pt- Ag- Anodized ^  ^ 

0.37 

0.42 

0.46 

0.49 

Pt- Ag-HNOj 

0.35 

0.41 

0.44 

0.46 

(1)  Lower  catalyst  loading  due  to  loss  of  silver. 


This  preparative  technique  has  not  yet  been  applied  successfully  to  more 
active  catalyst  combinations. 

Part  c  -  Studies  of  Methanol  Electrode  Structure 


Since  performance  of  fuel  cell  electrodes  can  be  influenced  by  structure, 
a  study  was  undertaken  to  find  out  if  structural  variations  could  lead  to  improve¬ 
ment  in  the  methanol  electrode.  The  objective  was  to  increase  the  available  cata¬ 
lyst  surface  and/or  improve  mass  transport  of  fuel  in  and  carbon  dioxide  away  from  th 
active  sites. 

The  catalyst  used  in  this  study  was  a  commercial  Engelhard  platinum  black. 
This  was  mixed  with  various  combinations  of  Teflon,  and  carbon  black,  and  spread 
on  one-square- inch  electrode  screens,  always  keeping  the  platinum  density  at  20  mg/cm 
Electrodes  were  pressed  at  various  pressures  up  to  8000  psi  and  were  tested  in  a 
glass  half  cell  previously  described. 


None  of  the  structural  variations  tested  gave  significantly  better  per¬ 
formance  than  the  standard  electrode  of  pure  platinum  black  pressed  at  8000  psi. 

Some  of  the  variants  apparently  entered  into  a  limiting  current  region  at  lower 
currents  than  the  standard  electrode.  Implications  of  this  work  are  that  the  present 
methanol  electrode  Is  not  mass  transport  limited  and  that  catalyst  surface  is  being 
well  utilized.  Representative  results  are  shown  in  Figure  D-4  and  complete  data  are 
tabulated  in  Appendix  D-7. 


Figure  D-4 


Methanol  Electrode  Structure  Study 


Part  d  -  Noble  Metal  Catalysts  Containing  Ruthenium 

A  study  of  two  component  systems  of  certain  noble  metals  with  ruthenium 
was  made  to  investigate  the  interactions  of  ruthenium  with  metals  other  than  plati¬ 
num.  It  comprised  the  preparation  of  equ.i-molar  mixtures  of  ruthenium  with  gold, 
rhenium,  iridium  and  rhodium  using  sodium  borohydrido  as  reducing  agent.  Tests  of 
catalyst  activity  were  made  using  1  M  methanol  in  3.7  M  sulfuric  acid,  at  60°C. 

The  activities  ranged  from  no  activity,  (Re-50  Ru)  through  slight  activity,  Au-50  Ku 
(0.4  volts  polarized  at  1  ma/cm^),  modest  activity,  Rh-50  Ru,  (0.48  volts  polarized 
at  50  ma/cm2)  to  good  activity,  Ir-50  Ru  (0.33  volts  polarized  at  50  ma/cm‘ ) .  The 
latter  catalyst  was  stable  to  overpolarization  but  lost  40  millivolts  when  dried  in 
air.  These  data  are  listed  in  Table  D-  1 5  and  included  in  Appendix  D-  1. 
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Table  D-  15 


Performance  of  Noble  Metal  Catalysts  Containing  Ruthenium 
1  M  methanol,  3.7  M  H2SO4,  60°C 


Catalyst 

Polarization  at  Indicated  raa/cm 

2,  volts 

1 

10 

50 

100 

Re-50  Ru 

r  ; 

Au-50  Ru 

0.40 

-- 

-- 

-- 

Rh-50  Ru 

0.28 

0.36 

0.48 

-- 

Ir-50  Ru 

0.25 

0.30 

0.33 

0.36 

Ir-50  Ru* 

0.27 

0.34 

0.37 

0.43 

*  Catalyst  dried  in  air. 


The  activity  of  the  iridium-ruthenium  system  is  encouraging  since  it 
represents  excellent  methanol  activity  in  a  catalyst  containing  no  platinum. 

Phase  4  -  Double  Layer  Capacitance 

Studies  on  Pt-Re?07-Mcthanol  Systems 

Additional  studies  were  carried  out  during  the  period  on  the  Pt-Re20y- 
CHjOH  interaction  in  an  effort  to  understand  the  improved  performance  of  these 
systems.  Double  layer  capacitance  studies  were  used  to  define  the  adsorption  of 
methanol  on  platinized  platinum  and  to  study  the  effect  of  Re207  pre-adsorption  on 
subsequent  methanol  coverage  at  25  and  80°C. 

Part  a  -  Effect  of  Methanol  on 
Double  Layer  Capacity 

Adsorption  of  methanol  on  the  platinized  platinum  electrode  was  studied 
by  the  double  layer  capacitance  method  described  in  a  previous  report(4.).  The  effect 
of  methanol  on  capacity  was  determined  initially  for  1  M  methanol  at  25°C  In  the 
voltage  range  from  0.2-0. 9  volt  vs  N-H.E.  Significant  decreases  in  capacitance  were 
noted  in  the  range  0.3-0. 7  volt  vs  N.H.E.  (Appendix  D-8).  The  effect  of  methanol 
concentration  was  then  studied  at  a  fixed  voltage,  0.4  volt  vs  N.H.E. ,  for  methanol 
concentrations  up  to  0.05  M.  It  was  found  that  capacitance  decreased  with  increasing 
methanol  concentration  over  this  range  and  this  variation  was  used  to  derive  an 
apparent  adsorption  isotherm  for  the  system.  As  described  previously  (4),  data  was 
treated  by  the  parallel  capacitor  model,  assuming: 

Ctotal  ~  PC  pt-X  +  C  pt 

where  C  _  ,  =  measured  capacitance 
total  r 

C  =  capacitance  of  covered  platinum  surface 

C°pt  =  capacitance  of  bare  platinum 
P  =  fractional  surface  coverage 
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Isotherms  derived 
Maximum  coverage  at  80 °C  is 
Corresponding  25°C  coverage 


for  systems  at  25  and  80 °C  are  shown  in  Figure  D-  5  . 
approached  at  methanol  concentrations  as  low  as  0.01  M. 
is  about  80%. 


Figure  D  -  5 

Coverage  Versus  Methanol 
Concentration  from  Capacitance  Measurements 


0  .01  .02  .03  .04 


Methanol  Concentration,  M 


The  coverage  with  methanol  is  found  to  be  roughly  lognri thmic  with  concentration 
as  shown  by  Appendix  D-  9. 

Part  b  -  Adsorption  of  Methanol 

on  Re-^Oy-Covercd  Platinum 

The  capacitance  analysis  of  methanol  adsorption  on  platinum  serves  as  a 
guide  in  establishing  the  concentration  range  for  maximizing  methanol  surface  coverage. 
To  gain  more  information  on  the  Pt-Re2C>7-methanol  interaction,  a  study  of  methanol 
adsorption  on  a  Re20y-covered  platinum  surface  was  carried  out.  For  this  purpose, 
the  platinized  electrode  was  placed  in  a  3.7  M  H2SO4  solution  0.001  M  in  KC2O7 ,  and 
methanol  additions  up  to  0.05  M  made.  Double  layer  capacitance  was  measured  before 
and  after  Re20y  addition  and  during  the  subsequent  methanol  additions.  Surface 
coverage  was  derived  from  the  total  capacitance  change  produced  by  both  the 
and  methanol  additions.  This  assumption  has  not  been  verified.  However,  the  quali¬ 
tative  results  obtained  in  this  investigation  should  be  valid. 


4.5  Task  E,  Air  Electrode 


Laboratory  studies  have  continued  on  the  development  of  more  active 
cathodes.  Structural  effects  were  investigated  using  thin  carbon  and  platinum- 
Teflon  electrodes.  In  addition,  catalyst  studies  were  carried  out  with  platinum 
and  platinum-gold  alloys  in  sulfuric  acid  and  with  silver  in  potassium  hydroxide 
and  buffer  solutions. 

Phase  1  -  Thin  Carbon  Electrodes 


Thin  catalyzed  carbon  structures  were  previously  reported  to  make  active 
cathodes,  although  scale-up  problems  existed  due  to  electrode  flooding  under  the 
increased  hydrostatic  pressure. Experiments  have  been  carried  out  aimed  at 
overcoming  the  flooding  problem  as  well  as  increasing  catalytic  activity.  A  number 
of  different  preparation  variables  were  examined,  in  addition  to  the  use  of  a  porous 
Teflon  barrier  layer  to  control  flooding. 

Part  a  -  Preparation  Variables  Study 

A  number  of  proprietary  thin  carbon  electrodes  which  had  been  made  pre¬ 
viously  for  use  in  a  hydrocarbon  electrode  development  program  were  tested  as  oxygen 
electrodes.  They  represented  studies  of  a  variety  of  preparation  variables  including 
the  porosity,  type  and  amount  of  binder,  and  thickness  of  the  electrode.  Also 
investigated  were  the  effects  of  catalyst  composition,  reduction  method,  support, 
treatment,  and  density.  The  experiments  were  run  in  the  cell  described  in 
Appendix  A-2  and  details  of  electrode  preparation  and  activity  are  shown  in 
Appendix  E-l. 

Performances  were  compared  in  3.7  M  sulfuric  acid  at  100°C  with  oxygen, 
under  sufficiently  small  hydrostatic  pressure  so  that  flooding  was  not  a  problem. 

It  was  found  that  the  most  active  electrodes  resulted  from  a  re- impregnat i on 
technique  with  additional  platinum  catalyst.  Thus,  in  one  case  polarizations  as 
low  as  0.24  and  0.34  volts  from  the  theoretical  oxygen  potential  were  obtained  at 
10  and  100  ma/cm^.  It  was  also  found  that  good  performance  could  be  obtained  with 
very  small  catalyst  loadings.  Thus,  an  electrode  containing  only  1.3  mg/ cm ^  of 
catalyst,  but  reduced  by  the  radical  anion  method,  was  polarized  only  0.38  volts 
at  100  ma/cm^.  Figure  E-l  shows  the  detailed  performance  of  this  electrode. 
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Uxygen  Electrode  fcrtomance  at  i . mg/ cm  uataiysi  Density 


These  cathodes  also  were  stable  for  extended  periods  of  operation.  For  example, 
an  electrode  was  run  at  35  ma/cm^  for  552  hours  with  no  change  in  activity.  It 
appears  then  that  the  thin  carbon  electrode  offers  an  active,  stable  structure 
able  to  efficiently  utilize  small  quantities  of  catalyst,  provided  flooding  is 
avoided  by  use  of  a  sufficiently  small  electrolyte  head  or  by  means  to  be  described 
in  Part  c. 


Part  b  -  Operating  Variables  Study 

A  comparison  of  oxygen  electrode  performance  in  3.7  M  sulfuric  acid  at 
100 °C  and  in  14.7  M  phosphoric  acid  at  150 °C  was  made  using  two  types  of  thin 
carbon  structures  as  well  as  platinum  impregnated  on  platinum  powder  and  platinum 
supported  on  titanium  nitride.  Although  these  differed  widely  in  activity,  as 
shown  in  Table  E-l,  the  significant  finding  was  the  uniformly  lower  performance 
in  phosphoric  acid,  especially  at  higher  current  densities.  Therefore,  screening 
runs  will  continue  to  be  made  in  sulfuric  acid. 


Table  E-l 


Comparison  of  Cathode  Activities  in  Sulfuric  and  Phosphoric  Acids 


Electrode 

Acid 

Polarization  from  Oxygen  Theory 
at  Indicated  ma/ cm2 

5 

50 

100 

Thin  Carbon,  Re- impregnation 

Sulfuric 

0.24 

0.33 

0.37 

with  Platinum 

Phosphoric 

0.23 

0.62 

““ 

Thin  Carbon,  Radical  Anion 

Sulfuric 

0.30 

0.41 

0.46 

Reduction 

Phosphoric 

0.26 

0.42 

0.52 

Platinum  on  Platinum 

Sul furic 

0.28 

0.37 

0.41 

Phosphoric 

0.29 

0.51 

0.64 

Platinum  on  Titanium  Nitride 

Sul furic 

0.54 

-- 

-- 

Phosphoric 

0.64 

-- 

-- 

The  effect  of  substituting  air  for  oxygen  was  also  investigated  and  found 
to  result  in  a  decrease  in  current  density  at  a  given  polarization  by  a  factor  of 
2.5  to  4,  depending  on  the  structure  of  the  electrode.  Appendix  E-l  shows  these 
results  in  more  detail. 

Part  c  -  Teflon-Coated  Thin  Carbon  Electrodes 


The  performance  debit  associated  with  thin  carbon  electrodes  under  larger 
hydrostatic  pressures  was  found  to  be  the  result  of  increased  seepage  of  electrolyte 
through  the  structure  and  consequently  decreased  air  access  to  the  catalyst  (it). 
Therefore,  experiments  were  carried  out  to  determine  if  this  seepage  could  be 
prevented  by  adding  a  porous  wetproofing  layer  of  Teflon  on  the  gas  side.  The 
effect  of  hydrostatic  head  was  determined  by  measuring  and  comparing  the  performances 
on  air  of  standard  carbon  electrodes  and  carbon  electrodes  treated  with  the  Teflon 
coatings.  A  description  of  the  one  inch  electrodes  used  and  the  methods  employed 
for  studying  the  effects  of  increased  hydrostatic  pressures  were  detailed  in  the 
previous  report  (4). 

These  studies  showed  that  the  added  layer  of  porous  Teflon  decreased 
electrolyte  seepage  andrendered  the  electrode  insensitive  to  hydrostatic  pressure. 
While  the  performance  loss  due  to  5  inches  of  additional  electrolyte  head  increased 
with  current  density  to  about  112  niv  at  100  ma/ern^  on  the  untreated  electrodes,  the 
debit  in  performance  of  those  treated  amounted  to  only  8  mv  and  was  independent 
of  current  density.  This  is  illustrated  in  Figure  E-2  with  the  detailed  data 
presented  in  Appendix  E-2. 
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Figure E- 2 


Effect  of  Electrolyte  Head  on  Perfor  ance 
of  Treated  and  Untreated  Carbon  Electrodes 


3.7  H  Sulfuric  Acid 
Air 


Ca  rb  on 
Electrode 


Teflon  Coated 
Carbon  Electrode 


Current  Density,  ma/cm 


Thus,  it  should  be  possible  to  scale-up  these  carbon  electrodes  without 
incurring  a  significant  loss  of  performance  as  a  result  of  greater  flooding. 

Part  d  -  Effect  of  Teflon  Layer  Porosity 

An  important  variable  in  constructing  these  electrodes  is  the  porosity 
of  the  Teflon  coating.  Therefore,  a  series  of  electrodes  were  tested  in  which  the 
porosity  of  the  Teflon  layer  was  varied  from  33  to  677,. 

The  tests  showed  that  optimum  performance  was  obtained  with  porosities  in 
the  range  of  40  to  607..  Below  407,,  the  porosity  became  insufficient  for  the  gaseous 
reactant  to  reach  the  catalyst  by  diffusion.  This  resulted  in  a  rapid  increase  in 
polarization  at  current  densities  higher  than  10  ma/cm^.  When  the  porosity  of  the 
Teflon  layer  was  increased  beyond  607,  the  electrode  tended  to  polarize  more  as 
the  result  of  decreased  effectiveness  of  the  added  Teflon  layer  in  controlling 
electrolyte  seepage.  These  data  are  presented  in  Appendix  E-2. 

Part  e  -  Effect  of  Catalyst  Loading  on  Performance 

The  addition  of  the  porous  Teflon  layer  had  the  added  benefit  of  permitting 
upto  a  four- fold  reduction  in  electrode  thickness  under  the  standard  preparation 
techniques.  Since  the  catalyst  concentration  on  the  carbon  was  maintained  constant. 
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the  catalyst  loading  was  effectively  reduced  from  the  original  5  mg/ cm  down  to 
1.2  mg/cm  .  The  performance  of  these  electrodes  was  then  measured  at  82 °C  with 
air  in  3.7  M  sulfuric  acid  to  determine  the  effects  of  catalyst  loading. 


The  tests  showed  that  the  reduction  of  catalyst  loading  to  1.2  mg/citi^ 
by  reducing  the  electrode  thickness  resulted  in  no  loss  of  performance.  These 
results  are  summarized  in  Table  E-2  and  detailed  in  Appendix  E-2. 


Table  B-2 

Effect  of  Catalyst  Loading 


on  Performance 


Average  Catalyst 
Density  of  the 
Catalyzed  Layer, 

Polarization  from  Oxygen  Theory 
at  Indicated  ma/cm2 

cm2 

0 

10 

50 

100 

160 

5 

0.25 

0.34 

0.46 

0.56 

0.67 

2.5 

0.23 

0.36 

0.45 

0.53 

0.  63 

1.2 

0.25 

0.38 

0.46 

0.53 

0.  60 

In  order  to  further  reduce  electrode  thickness  it  was  necessary  to  use 
smaller  sized  particles  of  carbon.  With  these  carefully  screened  particles,  carbon 
electrodes  could  be  successively  reduced  in  thickness  to  about  2  mils  and  consequently 
to  low  catalyst  loadings. 


However,  this  reduction  in  catalyst  loading  below  1.2  mg/cm2  resulted  in 
corresponding  decreases  in  performance.  These  data  are  presented  in  Appendix  E-2. 
An  analysis  of  these  performance  data  showed  that  at  a  fixed  polarization,  the 
current  density  decreased  approximately  in  proportion  to  the  decrease  in  catalyst 
density.  In  other  words,  the  results  indicated  an  approximately  constant  catalyst 
utilization  at  catalyst  densities  below  1.2  mg/cm2.  This  is  shown  in  Table  E-3. 


Table  E-3 

Catalyst  Utilization  of  Teflon-Coated  Carbon  Electrodes 


Catalyst  Loading, 
_ mg/cm2 _ 


Catalyst  Utilization  at  Indicated 
Polar ization,  tna/mg  Catalyst 

0.5 

0.6 

64 

133 

51 

120 

76 

189 

65 

170 

■ 

I 


Because  of  the  low  catalyst  loadings,  a  check  was  made  of  whether  the 
carbon  was  contributing  significantly  as  the  active  catalyst.  A  carbon  electrode 
was  therefore  prepared  with  uncatalyzed  carbon.  At  room  temperature  this  electrode 
could  maintain  only  one  ma/cm2.  At  82°C,  it  was  polarized  1.00  volt  at  4  ma/cm2. 
Thus,  the  activity  of  electrodes  with  0.1  mg/cm2  catalyst  loading  was  due  to  the 
catalyst,  not  the  carbon. 

Phase  2  -  Platinum-Teflon  Electrodes 

The  Teflon  coating  technique  developed  for  the  thin  carbon  electrodes 
was  also  tested  with  the  platinum-Teflon  electrodes  described  previously  Oi^).  The 
work  of  this  phase  was  designed  to  study  the  effect  of  catalyst  loading  on  the 
performance  of  platinum-Teflon  electrodes  coated  with  porous  Teflon  layers  and  to 
test  other  structures  to  further  improve  the  catalyst  utilization  at  various  levels 
of  catalyst  loading. 

Part  a  -  Effect  of  Catalyst  Density  on  Performance 

The  catalyst  density  of  Teflon-coated  platinum-Teflon  electrodes  was 
varied  over  the  range  of  1.5  to  92  mg/cm2  in  order  to  determine  how  efficiently 
the  catalyst  was  used  in  this  structure.  The  tests  were  carried  out  in  3.7  M  sul¬ 
furic  acid  with  air  as  the  oxidant  and  the  data  tabulated  in  Appendices  E-3  and  E-4. 

The  results  showed  that  in  the  density  range  from  1.5  to  14  mg/cm2,  an 
increase  in  catalyst  loading  caused  a  proportional  increase  in  current  density  at  a 
constant  potential,  maintaining  an  approximately  constant  catalyst  utilization  as 
shown  in  Table  E-4.  Above  14  mg/ cm2,  performance  ceased  to  improve  with  increases 
in  catalyst  density. 

Table  E-4 

Effect  of  Catalyst  Density  on  the 
Performance  of  Platinum-Teflon  Electrodes 


Catalyst  Density, 
mg/ cm2 

Polarization  from 
Oxygen  Theory 
at  100  ma/cm2 

Catalyst  Utilization  at  Indicated 
Polarization,  ma/mg  Catalyst 

0.5 

0.6 

92 

0.38 

3 

5 

23 

0.39 

11 

19 

14 

0.39 

20 

32 

3 

0.64 

12 

26 

1.5 

0.67 

17 

43 

The  test  results  also  confirmed  that  the  optimum  porosity  for  the  porous 
Teflon  layer  was  in  the  40  to  60%  range.  Some  of  the  dual-layer  platinum-Tef Ion 
electrodes  were  also  tested  with  5  inches  of  electrolyte  head  and  found  to  be 
insensitive  to  the  hydrostatic  pressure.  These  results  are  shown  in  Appendix  E-3. 

Part  b  -  Addition  of  Gold  to  Platinum-Teflon  Electrodes 

In  an  effort  to  improve  the  conductivity  in  platinum- teflon  electrodes 
of  low  catalyst  density,  gold  powder  was  added  to  electrodes  containing  1.5  mg/cm2 
of  platinum.  A  significant  improvement  in  performance  was  observed  upon  testing 
in  3 . 7  M  sulfuric  acid  at  82°C  with  air.  The  data  in  Appendix  E-4  show  that  the 
benefit  increased  with  the  amount  of  gold  added, with  70  and  110  mv  reductions  in 
polarization  at  100  ma/cm2  for  7  and  28  mg/cm2  of  added  gold  respectively.  In 
terms  of  catalyst  utilization,  the  addition  of  28  mg/cm2  of  gold  caused  a  greater 
than  2-fold  increase  in  current  per  unit  amount  of  platinum,  as  shown  in  Table  E-5. 

Table  E-5 


Effect  of  Gold  Addition  on  Platinum- Teflon  Performance 


Catalyst  Density, 
mg/ cm2 

Gold  Density, 
mg/  cm*- 

Catalyst  Utilization  at  Indicated 
Polarization, ma/mg  Catalvst 

0.5 

0.  6 

1.5  to  14 

0 

16  (average) 

34  (average) 

1.5 

7 

30 

67 

1.5 

28 

39 

95 

Since  gold  is  not  a  catalyst  for  the  oxygen  cathode,  these  improvements 
are  probably  due  to  the  increased  conductivity  of  the  electrode  structure  caused 
by  the  addition  of  gold. 

Part  c  -  Tri-Layer  Electrodes 

It  was  shown  earlier  that  increasing  catalyst  densities  above  about 
14  mg/ctn2  did  not  result  in  further  performance  improvements.  In  an  effort  to 
more  efficiently  use  higher  catalyst  loadings,  several  tri-layer  electrodes  were 
prepared.  They  consisted  of  a  layer  of  porous  Teflon  on  the  gas  side  and  two 
layers  containing  catalyzed  carbon.  Additional  platinum  black  was  added  either 
to  the  middle  layer  or  to  the  layer  on  the  electrolyte  side.  Dual  layer  electrodes 
of  equivalent  composition  and  similar  catalyst  loading  were  also  prepared.  The 
data  in  Appendix  E-5,  as  summarized  in  Table  E- 6,  show  no  improvement  in  performance 
of  the  tri-layer  electrodes  over  the  dual-layer  electrodes. 
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Table  E-6 


Comparison  of  Tri-Layer  with  Dual-Layer  Electrodes 


No.  of 

Location  of 

Catalyst  Density, 

Polarization  from  Oxygen  Theory 
at  Indicated  ma/cm^ 

Lavers 

Platinum  Layer 

mg/ cm^ 

1 

10 

100 

2 

-- 

1.9 

0.29 

0.37 

0.53 

3 

Middle 

1.9 

0.29 

0.38 

0.51 

3 

Electrolyte  Side 

1.9 

0.30 

0.40 

0.60 

2 

— 

1.1 

0.31 

0.40 

0.58 

3 

Electrolyte  Side 

1.1 

0.30 

0.40 

0.56 

Part  d  -  Multi-Layer  Electrodes 

Multi-layer  platinum-Teflon  electrodes  were  prepared  by  adding  six  to 
eight  additional  layers  of  platinum-Teflon  to  a  single  layer  structure.  Each 
additional  layer  consisted  of  alternate  strips  of  platinum-Teflon  and  porous  Teflon 
(or  voids).  The  resultant  electrode  contained  on  the  average  95  mg/cnv-  of  platinum. 
It  was  found,  in  contrast  to  the  dual  and  tri-layer  structures,  that  the  increased 
catalyst  loading  enhanced  performance.  Thus,  as  shown  in  Figure  E-3,  the  best  of 
these  electrodes  was  polarized  only  0.38  volts  at  100  ma/cm^  with  air  at  82°C. 

Its  current  density  at  0.30  volts  polarization  was  three  times  greater  than  that 
of  a  dual-layer  electrode  with  an  equivalent  amount  of  catalyst.  Complete  per¬ 
formance  details  are  given  in  Appendix  E-6.  This  demonstrates  that  the  multi¬ 
layer  electrode  could  improve  catalyst  utilization  at  high  densities,  and  should 
be  a  useful  structure  for  less  expensive  catalysts. 
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Figure  E-3 

Performance  of  Multi-Layer  Platinum-Teflon  Electrodes 
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Phase  3  -  Platinum  and  Gold  Oxygen  Catalysts 

Platirum  is  the  most  active  catalyst  known  for  oxygen  reduction.  However, 
even  though  high  current  densities  can  be  supported  on  this  metal,  a  large  initial 
polarization  occurs  at  open-circuit  and  low  current  densities.  Evidence  has  been 
published  indicating  that  this  characteristic  of  a  platinum  oxygen  cathode  may  be 
related  to  surface  oxide  formation (13,14).  Therefore,  studies  were  made  of  the 
catalytic  properties  of  oxidized  and  reduced  platinum  surfaces.  Tn  addition, 
attempts  were  made  to  alter  the  properties  of  the  surface  oxide  by  introduction  of 
gold,  which  has  a  more  anodic  oxide  formation  potential  than  platinum.  As  part  of 
this  latter  work,  the  activity  of  pure  gold  was  also  investigated. 

Part  a  -  Anodization  and  Cathodization  of  Platinum 


A  study  of  the  effect  of  anodization  and  cathodization  on  the  subsequent 
performance  of  a  platinum  black-catalyzed  air  electrode  was  made.  The  electrode 
consisted  of  a  platinum  black-Teflon  mixture,  pressed  into  a  platinum  screen.  Tht 
steady  state  performance  of  the  electrode  was  determined,  using  air,  at  60°C  in 
3.7  M  sulfuric  acid  in  a  conventional  half  cell  described  in  Appendix  A- 2  .  Then, 
the  electrode  was  polarized  either  to  oxygen  evolution  or  hydrogen  evolution  to 
produce  either  an  oxidized  or  reduced  surface  and  the  potential-time  relationship 
observed  as  the  electrode  was  returned  to  a  given  current  density. 
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The  return  from  the  clean  surface  condition  always  produced  lower  polari¬ 
zations  and  the  return  from  the  oxidized  surface  condition  higher  polarizations 
than  the  eventual  steady  state  value.  These  changes,  although  temporary,  were 
observable  for  periods  of  one-half  hour  or  more  and  were  larger  for  the  less 
polarized  steady  state  conditions  at  smaller  current  densities.  In  fact,  at  highly 
polarized  positions,  where  the  electrochemical  reduction  of  the  oxide  was  rapid, 
no  difference  was  observable.  Data  obtained  in  this  study  are  outlined  in  Table  E-7. 

Table  E-7 


Effect  of  Anodization  and  Cathodization  on  Air  Electrode  Performance 


Polarization 

Theory*'  * 

Advanta  ge 

Current  Density, 
mn  /  cm 

Volts,  from  Oxygen 

in  Cathodization, 

Prc  -Anod  i  zed 

Pre- 

Cathod i zed 

mv 

5 

0.35 

0.26 

9V) 

80^  “  ' 

30 

0.42' 

0.34 

50 

0.43 

0.36 

70 

100 

0.47 

0.43 

40 

200 

0.  58 

0.58 

0 

(1)  Two  minutes  after  application  of  current. 

(2)  40  mv  advantage  persisted  after  1/2-hour  operation. 


Similar  results  were  obtained  with  electrodes  prepared  from  carbon  catalyzed  with 
pla tinum. 

Although  it  was  not  definitely  established  that  these  results  are  due  to 
the  ratio  of  reduced  to  oxidized  platinum  existing  on  the  surface  after  the  pre¬ 
treatment,  the  data  are  consistent  with  this  hypothesis.  For  example,  the  electro¬ 
chemical  oxidation  and  reduction  of  platinum  is  highly  irreversible,  such  that  the 
condition  established  by  the  pretreatment  could  influence  the  activity  of  the 
catalyst  for  relatively  long  periods  of  time.  The  effect  would  also,  as  observed, 
decrease  as  the  steady  state  potential  of  the  electrode  approached  values  where  the 
reduction  of  the  oxide  becomes  rapid. 


Part  b  -  Pla  tinum -Go  Id  Catalysts 


A  number  of  plat inura-gold  catalysts  were  made  using  several  preparative 
techniques.  Thus,  powdered  samples  containing  30  atom  X  gold  were  obtained  from 
solutions  of  the  mixed  metal  chlorides  by  sodium  borohvdride  reduction,  by  sodium 
borohydride  reduction  followed  by  a  hydrogen  reduction  at  425aC,  and  by  hydrogen 
reduction  alone  at  425°C  .  In  addition,  catalysts  were  also  prepared  by  arc  melting 
over  the  composition  range  of  5  to  40  atom  %  gold.  These  were  examined  for  surface 
oxide  properties  in  3.7  M  sulfuric  acid,  using  the  voltage  scan  technique  described 
in  Appendix  E-7,  over  a  voltage  region  of  0  to  1.5  volts  from  a  hydrogen  reference 
electrode  in  the  same  electrolyte. 


The  powdered  samples  were  investigated  at  a  temperature  of  60°C,  using  a 
scan  rate  of  12  mv/sec.  As  shown  in  Table  E-8,  greatly  different  surface  composi¬ 
tions  were  obtained  by  the  three  preparative  methods,  indicated  by  the  gold/platinum 
reduction  peak  ratios.  However,  the  potentials  at  which  the  platinum  oxide  reduction 
peaks  occurred  were  not  significantly  shifted.  The  voltage  scans  themselves  are 
shown  in  Appendix  E-8,  Figures  E-2,  3,  and  4. 


92 


Table  E-8 


Voltage  Scans  of  Pt-30  Au  Powdered  Catalysts 


Preparation 

Go Id /PI  a  tinum 
Reduction  Peak  Ratio 

Potential  of  Platinum 
Reduction  Peak,  Volts 
from  Standard  Hydrogen 

Sodium  Borohydrlde 

0.16 

0.74 

Sodium  Borohydride 
+  Hydrogen  <?  425°C 

0.60 

0.79 

Hydrogen  (?  425° C 

0.05 

0.77 

The  smooth  melted  catalysts  were  scanned  at  25°  C  at  a  rate  of  24  mv/sec. 

Pure  platinum  and  gold  showed  normal  scans,  but  the  alloys  exhibited  unexpected 
behavior.  The  5  atomic  %  gold  sample  had  greatly  diminished  platinum  and  hydrogen 
oxidation  and  reduction  peaks,  without  at  the  same  time  showing  gold  peaks.  At  1 0% 
and  higher  gold  contents,  all  peaks  had  disappeared  save  for  slight  oxygen  evolu¬ 
tion  and  hydrogen  reduction  at  the  extreme  ends  of  the  scans.  Appendix  E-8,  Figures 
E-5 ,  6,  and  7  show  these  scans.  The  smooth  catalysts  were  also  tested  directly  as 
cathodes  in  3.7  M  sulfuric  acid  at  25  and  82°C  by  simply  sparging  oxygen  over  them. 

It  was  found  that  pure  platinum  was  the  most  active  sample,  with  performance  de¬ 
creasing  with  increasing  gold  content.  These  results  are  given  in  Appendix  E-9. 

It  is  possible  that  the  platinum  oxide  inhibition  caused  by  gold  accounts  for  the 
decreasing  cathode  activity  with  higher  gold  content. 

Part  c  -  Platinum-Gold  Catalysts  on  Carbon 

Platinum-gold  catalysts  of  the  same  ratios  as  in  the  smooth  samples  were 
prepared  on  a  carbon  support  by  reduction  of  their  mixed  chlorides.  These 
catalysts  were  evaluated  for  cathodic  activity  on  oxygen  in  3.7  M  sulfuric  acid  at 
100°C.  They  were  also  analyzed  by  X-ray  diffraction  to  determine  whether  the  two 
metals  had  formed  alloys  or  were  present  as  the  separate  metals. 

X-ray  studies  indicated  that  there  was  some  free  gold  present  in  composi¬ 
tions  of  Pt-10  Au,  Pt-20  Au,  and  Pt-40  Au.  Some  of  these  were  treated  with  an  aqueous 
solution  of  iodine  and  potassium  iodide,  removing  all  signs  of  free  gold.  Chemical 
analysis  of  these  treated  catalysts  indicated  that  most  of  the  gold  was  still  in  the 
catalysts,  presumably  as  an  alloy. 

Evaluation  of  these  catalysts  as  cathodes  operating  on  oxygen  indicated 
the  same  performance  for  all  untreated  compositions  except  for  the  pure  gold,  which 
was  not  active.  The  catalysts  that  had  been  treated  with  iodine  and  potassium  iodide 
solution  were  inactive,  however,  even  though  they  had  been  reduced  at  538°C  under 
hydrogen  in  an  attempt  to  remove  the  iodine.  The  activity  of  all  these  electrodes 
is  shown  in  Appendix  E-10. 

The  uniformity  of  activity  of  these  electrodes  probably  reflects  the 
characteristics  of  the  electrode  structure  rather  than  any  differences  in  catalyst 
activity.  The  open  circuit  potentials  were  not  shifted  toward  the  theoretical 
oxygen  value  as  more  gold  was  added,  confirming  the  results  found  on  the  melted 
samples.  However,  the  alloy  catalysts  supported  on  carbon  did  not  show  the  low 
activity  that  the  melted  samples  did.  This  indicates  that  some  other  factor  is 
controlling  the  catalyst  activity.  This  may  be  the  state  of  catalyst  subdivision 
or  interaction  between  the  metal  catalyst  and  the  carbon  support. 


Part  d  -  Catalysis  of  Oxygen  Reduction  by  Anodized  Gold 

It  was  discovered  during  the  course  of  brief  studies  on  gold  electrodes 
that  certain  anodic  films  on  gold  were  capable  of  sustaining  the  theoretical  oxyger 
potential  of  1.23  volts  for  significant  periods  of  time.  Thus,  a  copper-colored 
film  produced  by  evolving  oxygen  from  a  gold  wire  in  3.7  M  sulfuric  acid  for  1.5 
hours  achieved  a  potential  of  1.23  volts  versus  the  standard  hydrogen  electrode 
after  one  minute  in  an  oxygenated  solution.  This  potential  remained  essentially  con 
stant  for  three  hours. 


In  order  to  determine  whether  this  film  was  capable  of  supporting  the 
oxygen  reduction  reaction,  a  study  was  carried  out  to  measure  the  effect  of 
anodization  time  on  the  coulombs  required  to  reduce  the  electrode  in  the  presence 
of  oxygen  and  nitrogen  respectively.  Films  produced  by  anodization  of  a  gold  wire 
at  2.2  volts  from  the  normal  hydrogen  electrgde  for  varying  periods  of  time  were 
reduced  at  constant  currents  of  2  to  20  ma/cm  and  voltage-time  transients  recorded 
from  an  oscilloscope  trace. 

It  was  found  that  anodic  film  formation  on  this  gold  electrode  in  3.7  M 
sulfuric  acid  was  linear  with  anodization  time  in  both  cases.  Film  formation 
efficiency  was  surprisingly  high,  about  2%,  over  the  ten  minute  range  studied. 

There  was  no  difference  between  reduction  under  nitrogen  and  reduction  under  oxygen, 
as  shown  in  Figure  E-4.  However,  due  to  the  large  number  of  coulombs  on  the  elec¬ 
trode,  large  oxide  film  reduction  currents  were  required  and  it  would  therefore 
have  been  impossible  to  detect  small  oxygen  reduction  currents  in  this  way. 


Figure  E-4 


Growth  of  Anod ic  Film  on  Smooth  Gold 
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The  reduction  transiting  of  these  films  was  also  studied  briefly  under 
low  current  conditions,  0.1  ma/cm“,  such  that  oxygen  reduction  currents,  if  present, 
would  be  correspondingly  enhanced  in  the;  overall  transition.  Films  were  formed  by 
only  one  minute  anodization  at  20  ma/cm,  and  low  current  reductions  in  the  presence 
of  oxygen  and  nitrogen  were  then  compared. 

It  was  found  in  this  case  also  that  transition  times  for  oxygen  and 
nitrogen  sparged  solutions  were  essentially  identical  within  experimental  accuracy, 
indicating  negligible  oxygen  reduction.  Thus  it  was  concluded  that  the  potential 
of  1.23  volts  was  due  to  an  oxide  that  forms  on  the  gold  at  high  potentials  and  not 
to  catalytic  reduction  of  oxygen. 

Phase  4  -  Oxygen  Catalysts  for  Buffer  Electrolytes 

With  the  finding  that  buffer  electrolytes  can  support  practical  performance 
levels,  the  possibility  arises  of  developing  less  expensive  catalysts.  In  addition 
to  the  cost  factor,  catalysts  insensitive  to  fuel  are  needed  because  of  the  require¬ 
ment  for  bulk  electrolyte  flow  through  the  cathode  to  minimize  ionic  concentration 
polarization.  Preliminary  studies  have  been  carried  out  with  silver  catalysts, 
which  are  relatively  inexpensive  and  are  not  expected  to  be  active  towards  fuels 
such  as  methanol. 


Part  a 


gen  Performance  of  Silver  Catalysts 


A  variety  of  silver  electrodes  were  tested  with  oxygen  in  potassium 
hydroxide  and,  in  one  case,  a  carbonate-bicarbonate  buffer.  The  strong  base  was 
used  to  allow  a  clear  determination  of  catalytic  activity  uncomplicated  by  ionic 
concentration  polarization.  The -types  of  silver  investigated  were  sodium  boro- 
hydride  reduced,  and  two  types  of  commercial  powders.  One  test  was  also  run  with 
palladium  impregnated  powder.  Teflon  was  used  as  a  binder  with  these  catalysts. 
Finally,  several  experiments  were  performed  using  silver  or  si Iver-pa 1 1 adium  im¬ 
pregnated  carbon. 

The  most  active  preparations  were  those  supported  on  carbon.  Thus  in  6.9 
M  potassium  hydroxide  at  82°C,  the  best  performance  was  obtained  with  a  silver- 
palladium  sample,  which  was  polarized  0.44  volts  from  the  theoretical  oxygen  poten¬ 
tial  at  50  ma/emm  Pujje  silver  catalysts  on  carbon  were  polarized  from  0.47  to 
0.50  volts  at  50  ma/cm  .  In  contrast , ^the  best  unsupported  silver  catalyst  had  a 
polarization  of  0.62  volts  at  50  ma/ern^.  In  the  carbonate -hi carbona to  buffer,  a 
sodium  borohydride  reduced  powder  wtjicli  had  a  polarization  in  3  M  potassium 
hydroxide  of  0.56  volts  at  10  ma/cm’,  was  polarized  0.82  volts  at  60°C.  However, 
although  its  performance  was  poor,  the  addition  of  2  M  methanol  did  not  cause  a 
further  loss.  Complete  preparation  and  performance  details  are  shown  in  Appendix 
E-ll. 

These  results  indicate  that  high  current  densities  and  insensitivity  to 
methanol  are  possible  with  silver  containing  catalysts.  However,  polarizations  are 
high,  and  the  best  catalysts  are  those  supported  on  carbon.  Since  carbon  structures 
are  subject  to  high  ionic  concentration  polarizations  in  buffer  electrolytes,  they 
are  not  satisfactory  supports  for  these  silver  catalysts.  Further  work  is  therefore 
needed  to  find  active  forms  of  silver  for  use  in  buffer  solutions. 


4.6  Task  i,  Me thanol  Fuel  Cell 

Problems  in  maintaining  performance  in  methanol-air  fuel  cells  have  been 
magnified  in  extending  testing  to  larger  multicell  units.  Therefore,  analyses  of 
performance  characteristics  of  the  individual  cell  components  and  their  inter¬ 
relationships  duringcell  operation  have  been  extended.  As  a  result,  improved  cell 
assemblies  and  more  stable  methanol  catalysts  have  been  tested  to  increase  the 
dependability  and  efficiency  of  cell  operation. 

Phase  1  -  Engineering  Research  in  the  Methanol-Air  Cell 

An  analysis  of  the  internal  resistance  of  the  various  components  during 
cell  operation  revealed  substantial  ohmic  loss  at  the  cathode  and  membrane,  see 
Appendix  F- 1 .  Additional  loss  with  time  resulted  from  CO2  accumulation  in  the  cell. 
Studies  were  carried  out  to  eliminate  the  cause  of  this  high  resistance  and  minimize 
CC>2  accumulation.  In  addition,  fuel  and  air  distribution  studies  were  made  within 
the  cell  to  determine  their  effect  on  performance. 

Part  a  -  Studies  of  the  Membrane  -  Cathode  Combinatior 

In  studies  aimed  at  overcoming  ohmic  polarization  at  the  air  cathode,  it 
was  found  that  a  major  performance  loss  occurred  because  of  poor  contact  between 
the  membrane  and  cathode.  This  resulted  in  high  internal  resistance  and  decrease.’ 
cathode  activity.  In  addition,  carbon  dioxide  accumulation  in  the  spaces  between 
the  cathode  and  membrane  during  cell  operation  resulted  in  further  performance  loss 
with  time.  Several  methods,  such  as  using  structural  supports  to  improve  contact 
and  vents  in  the  cathode  to  release  trapped  carbon  dioxide,  provided  only  partial 
solutions  to  the  problem.  The  best  technique  was  found  to  be  pressing  the  membrane 
and  cathode  into  a  single,  integral  structure  to  produce  a  membrane  clad  cathode. 

Tests  of  these  clad  cathodes  were  made  in  a  4"  x  4”  cell  — /  in  combination 
with  a  P-type  anode.  The  cell  was  operated  at  65 °C  with  1  M  methanol  and  air  in 

3.7  M  sulfuric  acid.  Cell  performance  improved  by  0.1  volts  to  0.44  volts  at 

40  ma/ cm*-  and  maximum  power  reached  31  mwatts/cm2.  Ohmic  polarization  was  reduced 
from  0.04  volts  to  0.025  volts  at  40  ma/cm^  and  cathode  activity  reached  expected 
values.  This  cell  performance  was  maintained  throughout  150  hours  of  intermittent 
operation.  The  cell  performance  is  shown  in  Figure  F-l  and  detailed  data  are 
presented  in  Appendix  F-2  and  F-3. 
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Figure  F-l 

Effect  of  Pressing  Membrane  to  Cathode  on  Performance 


The  performance  with  the  clad  cathode  approaches  the  maximum  performance 
for  methanol  and  air  expected  with  the  P-type  catalyst.  The  remaining  loss  is  due 
to  failure  to  achieve  expected  anode  performance  in  this  total  cell. 

Part  b  -  Oxidation  of  Methanol  at  the  Cathode 


The  extent  of  chemical  oxidation  at  the  cathode  depends  on  the  amount  of 
methanol  reaching  the  cathode.  This  in  turn  has  been  correlated  with  the  con¬ 
centration  of  methanol  leaving  the  cell  (40 .  Also,  the  electrochemical  reduction 
of  oxygen  from  air  at  the  cathode  helps  in  reducing  the  degree  of  methanol  oxidation 
as  pointed  out  in  previous  studies  (4)  .  Pressing  the  membrane  to  the  cathode  further 
reduces  the  chemical  oxidation,  apparently  by  improving  the  electrochemical  effi¬ 
ciency  of  the  cathode  through  good  contact  with  the  membrane.  This  was  established 
in  tests  in  a  small  cell  at  about  65°C  with  1  M  methanol  in  3.7  M  sulfuric  acid 
at  a  current  density  of  40  ma/ctn^.  The  influence  of  pressing  was  found  to  reduce 
the  chemical  oxidation  of  methanol  to  insignificant  levels  when  the  methanol 
concentration  at  the  exit  of  the  fuel  chamber  was  maintained  below  0.65  M.  This 
compares  with  0.3  M  in  previous  tests  with  no  pressing.  Results  are  shown  in 
Figure  F-2.  The  complete  data  are  given  in  Appendix  F-3. 
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Figure  F-2 


Effect  of  Pressing  Membrane  to  Cathode 
on  Methanol  Oxidation  at  Cathode 
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Thus  the  clad  cathode  reduces  methanol  loss  resulting  from  oxidation  at 
the  cathode.  This  in  turn  minimizes  the  problem  of  CO2  accumulation  at  the 
c  athode . 

Part  c  -  Influence  of  Spacer  Thickness  on  COt  Exhaust 

Further  attempts  were  made  to  assess  the  CO?  exhaust  problem  at  the 
anode.  Previous  work  in  the  small  ceLls  was  concerned  with  the  effect  of  fuel 
chamber  thickness  on  CO2  release  (3) .  These  studies  were  extended  to  consider  the 
effect  of  the  thickness  of  the  spacer  which  separates  anode  and  membrane.  The 
tests  were  conducted  in  a  9"  x  5-3/4"  cell  with  spacer  thicknesses  of  30  to  170  mils. 
These  spacers  showed  only  minor  influence  on  performance, which  is  attributed  to 
the  variation  of  the  conductance  path  through  the  electrolyte.  No  gas  buildup  was 
observed  for  the  thinner  spacers  which  are  more  desirable  for  compact  cell  assembly. 
These  data  are  given  in  Appendix  F-4. 

Part  d  -  Effect  of  Methanol  and  Air 

Distribution  in  4"  x  4"  Cells 


The  effect  of  intracell  fuel  distribution  on  P-type  anode  performance 
was  measured  in  a  small  cell.  The  circulating  fuel-electrolyte  solution  was 
introduced  alternately  through  one  and  two  inlets  at  the  bottom  of  the  cell  (4) . 
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Performances  of  the.  anode  and  the  cell  were  measured  at  60°C  with  1  M  methanol  and 
air  in  3.7  M  sulfuric  acid.  At  currents  as  high  as  100  ma/cm2  and  with  fuel  flow 
rates  giving  507o  methanol  conversion  per  pass  through  the  cell,  the  anode  polarization 
showed  negligible  changes  when  switching  from  one  to  two  fuel  inlets.  The  results 
are  shown  in  Table  F-l. 

Table  F- 1 

Influence  of  Dual  Feeding  on 
Intracell  Methanol  Distribution 

1  M  Methanol,  3.7  M  Sulfuric  Acid,  60°C 


Current  Density, 
ma/cm^ 

Me  thanol 
Per  Pass 

Convers ion 
in  the  Cell, 

% 

Reduction  in  Anode 
Polarization  by  Increasing 

Feed  Points  from  One  to  Two, 

Mil livoi ts 

100 

50 

5 

40 

67 

10 

40 

75 

20 

At  extreme  fuel  conversions  per  pass,  i.e.  lower  flow  rates,  the  effect  was  only 
slightly  more  pronounced.  Therefore,  fuel  distribution  in  the  small  cell  in  terms 
of  cell  performance  is  satisfactory.  Problems  in  achieving  and  maintaining  maximum 
P-type  electrode  performance  appear  to  result  from  its  sensitivity  to  oxidation. 

Similar  tests  were  conducted  to  assess  the  effect  of  air  distribution  on 
small  cell  performance.  An  air  distributor  described  in  Appendix  Figure  F- 2 
was  designed  to  provide  more  even  air  flow  over  the  surface  of  the  cathode. 
Measurements  were  made  of  cell  performance  using  a  clad  cathode  at  60°C  in  3.7  M 
sulfuric  acid.  The  use  of  the  distributor  had  no  apparent  effect  on  the  cathode 
performance.  The  results  are  presented  in  Appendix  F-5. 


Phase  2  -  Single  Cell  Operation  with  Improved  Methanol  Catalysts 


Because  of  the  sensitivity  of  the  P-type  catalyst  to  chemical  and  electro¬ 
chemical  oxidation,  single  cell  work  was  extended  to  include  more  stable  methanol 
catalysts.  These  included  the  potassium  stabilized  P-type  catalyst,  platinum- 
ruthenium  catalyst,  and  ruthenium  modified  P-type  catalyst. 

Part  a  -  Performance  of  Potassium  Stabilized  P-type  Catalyst 

Studies  aimed  at  improving  the  stability  of  the  P-type  catalyst,  described 
in  Task  D,  have  shown  improvements  for  catalyst  reduced  in  the  presence  of  potassium 
ions.  Therefore,  three  P-type  electrodes  were  prepared  by  reduction  with  potassium 
borohydride.  These  electrodes  were  tested  in  a  4"  diameter  cell  (4)  in  combination 
with  a  membrane  clad  cathode  in  1  M  methanol  and  air  in  3.7  M  sulfuric  acid  at  60°C, 

Two  of  the  electrodes  gave  performance  comparable  to  the  best  obtained 
previously  with  the  P-type  catalyst,  0.35  volts  at  80  ma/cm2.  Furthermore,  activity 
was  maintained  after  polarization  to  0.7  volt  and  168  hours  of  storage  in  water  or 
sulfuric  acid  with  no  methanol.  However,  the  third  electrode  did  not  show  the  ex¬ 
pected  stability.  It  suffered  performance  loss  after  storage  for  24  hours  in  1  M 
methanol  and  3.7  M  sulfuric  acid  and  was  not  stable  to  over-polarization.  In  addition 
all  three  electrodes  failed  to  achieve  performance  targets  from  half-cell  measurements 
Evidently,  reduction  with  potassium  borohydride  is  not  sufficient  to  prevent  chemical 
oxidation  of  this  catalyst  during  assembly  and  storage.  Performance  of  these  elec¬ 
trodes  is  shown  in  Figure  F-3  and  the  data  are  summarized  :n  Appendix  F-6. 
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Performance  of  Potassium  Stabilized  P-Type  Catalyst 
In  Methanol  -Air  Cells _ 


Thus,  while  good  performance  and  improved  stability  were  obtained  in  some 
cases,  sensitivity  to  oxidation  is  still  a  problem  in  cell  assembly  and  operation 
with  the  P-type  catalyst. 

Part  b  -  Performance  of  Platinum-Ruthenium  Catalyst 

Because  of  good  electrochemical  stability  demonstrated  in  catalyst  studies 
described  in  Task-D,  platinum-ruthenium  electrodes  were  tested  in  single  cells.  How¬ 
ever,  difficulty  was  experienced  in  making  physically  rugged  4"  electrodes  with  this 
catalyst  which  had  poor  adherance  and  coherance  characteristics.  The  fabrication 
technique  finally  developed  consisted  of  displacing  the  water  in  the  catalyst  with 
butanol  and  using  10  wt  %  Teflon  as  a  binder.  The  butanol  wets  both  the  catalyst 
and  binder  making  a  more  uniform  dispersion.  This  catalyst  mixture  was  used  to  make 
rugged  electrode  structures  which  were  tested  in  4"  cells  (4)  in  combination  with 
clad  cathodes.  Typical  performance  measurements  made  at  60°C  after  repeated  polari¬ 
zation  to  0.8  volts  on  methanol  and  air  are  shown  in  Figure  F-4  .  Complete  data 
are  presented  in  Appendix  F-7 . 
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Figure  F-4 

Performance  of  Platinum-Ruthenium  Catalyst 
_ in  Methanol -Air  Cells _ 


Initial  performance  with  this  catalyst  preparation  was  much  poorer, attri¬ 
butable  to  the  presence  of  butanol.  The  residual  butanol  was  removed  by  extensive- 
washing  and  repeated  anodic  polarization  to  over  1.0  volt.  Therefore  ,  another  electrode 
was  prepared  without  butanol-Teflon  addition.  The  platinum-ruthenium  catalyst  was 
washed  extensively  in  6  M  potassium  hydroxide  in  order  to  improve  catalyst  recover-'. 

As  a  result,  no  purification  of  this  electrode  was  required.  However,  during  cell 
operation, catalyst  erosion  resulted  in  bare  spots  on  the  anode.  Cell  performance 
then  dropped  by  0.04  volts  because  of  excessive  methanol  at  the  cathode.  Results 
of  this  test  are  shown  in  Figure  F-4  and  data  are  presented  in  Appendix  F-8. 

Thus,  while  platinum-ruthenium  electrodes  have  given  good  performance  and 
electrochemical  stability,  electrode  preparation  remains  a  problem. 

Part  c  -  Performance  of  Ruthenium  Modified  P-Type  Catalyst 

Single  cell  tests  were  extended  to  include  the  P-type  catalyst  modified 
by  the  addition  of  ruthenium  reported  in  Task  D.  This  catalyst  was  made  into  an 
electrode  by  conventional  techniques  and  tested  in  a  total  cell  in  combination  with 
a  clad  catnode .  Tests  were  made  on  0.5  M  methanol  and  air  in  3.7  M  sulfuric  acid 
at  60°C  and  82°C. 
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The 

polarizations 
gave  the  best 
0.52  volts  at 
detailed  data 


anode  gave  good  initial  performance  and  improved  after  several 
to  0.8  volts  in  sulfuric  acid.  Following  this  treatment,  the  cell 
performance  yet  attained  on  methanol  and  air,  0.47  volts  at  60°C  and 
82°C  at  40  ma/cm2.  The  performance  is  shown  in  Figure  F-5  and  more 
are  given  in  Appendix  F-9. 


Figure  F-5 

Performance  of  Ruthenium  Modified  P-Type  Catalyst 
_  in  Methanol-Air  Cells _ 
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Stability  of  the  modified  P-type  catalyst  was  much  better  than  that  of  the 
unmodified  P-type.  During  168  hours  of  intermittent  testing  the  electrode  was  sub¬ 
jected  to  storage  in  methanol-free  electrolyte,  polarization  to  oxygen  evolution, 
and  complete  drying  in  air.  it  lost  25  tnv  from  initial  performance  and  35  mv  from 
best  performance.  A  substantial  portion  of  this  loss  was  attributed  to  loss  of 
catalyst  from  the  electrode  upon  drying.  A  P-typc  catalyst  Is  deactivated  about 
160  mv  by  any  one  of  the  above  procedures. 

Thus,  of  the  new  catalysts  tested  in  total  cells,  the  ruthenium  modified 
P-type  catalyst  appears  to  have  the  best  combination  of  characteristics  of  perform¬ 
ance,  stability,  and  electrode  fabrication. 

Part  d  -  Scale-up  of  P-type  and  Ruthenium  Modified  P-type  Catalysts 

Performance  evaluations  with  the  P-type  and  ruthenium  modified  P-type 
anodes  and  pressed  Permion  1010  membranc-Cyanamid  AA1  cathodes  were  extended  to 
larger  9"  x  5-3/4"  electrodes.  These  studies  were  made  to  assess  scale-up  prob¬ 
lems  with  these  catalysts. 
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Performance  evaluations  were  made  in  a  polypropylene  single  cell  assembly  (4)  at 
65°C  with  1  M  methanol  in  3.7  M  sulfuric  acid. 


The  terminal  performance  of  the  cell  was  not  equivalent  to  the  4"  x  4" 
cell  performance  with  the  same  components.  At  40  ma/cm^  the  larger  cells  were  40 
mv  worse  than  the  smaller  cells.  The  poorer  performance  is  attributable  to  a  higher 
ohmic  polarization  in  the  larger  cells  amounting  to  about  0.060  volts  at  40  ma/cm^. 
The  ohmic  resistance  free  electrode  performances  were  equivalent  to  4"  electrodes. 

The  more  stable  ruthenium  modified  P-type  catalyst  gave  a  better  terminal  performance 
than  the  P-type  and  was  almost  equivalent  to  the  P-type  in  the  smaller  cell.  The 
performance  curves  are  shown  in  Figure  F-6.  Detailed  data  are  given  in  Appendices 
F-  10  and  F-ll. 


These  studies  with  the  larger  9"  x  5-3/4”  electrodes  show  that  performances 
of  the  smaller  4"  x  4"  electrodes  can  be  achieved  providing  the  ohmic  resistance  in 
the  larger  cell  is  reduced. 


Figure  F-6 

Performance  of  9"  x  5-3/4”  Electrodes 
_ in  Methanol-Air  Cells _ 


4.7  Task  G,  Prototype  Development 

The  methanol- air  prototype  power  system  will  consist  of  the  fuel  cell 
stack  and  the  auxiliaries  and  controls  needed  to  operate  it.  Engineering  research 
directed  toward  the  development  of  such  a  unit  has  been  concerned  with  establishing 
a  design  as  a  basis  for  extending  considerations  of  the  problems  of  battery  opera¬ 
tion.  In  addition,  studies  in  multicell  stacks  operating  independently  of  the 
auxiliaries  have  been  extended. 

Phase  1  -  Multicell  Engineering  Research 

In  order  to  better  define  the  problems  of  methanol-air  fuel  cell  battery 
operation,  an  experimental  unit  has  been  designed.  This  design  which  will  be  used 
in  construction  of  a  battery  for  research,  has  also  served  for  analysis  of  problems 
of  control,  air  distribution,  and  startup. 


Part  a  -  Methanol-Air  Battery  Design 

An  evaluation  of  all  of  the  problems  of  methanol-air  fuel  cell  construc¬ 
tion  and  operation  requires  a  self-contained  fuel  cell  power  system.  This  means 
a  fuel  cell  battery  unit  operating  to  produce  power  in  excess  of  its  own  require¬ 
ments.  The  design  of  such  a  unit  has  been  completed.  It  includes  in  addition  to 
the  methanol-air  multicell  assembly,  the  necessary  auxiliaries  and  controls  to 
permit  self  operation.  The  multicell  assembly  will  consist  of  the  9"  x  5-3/4" 
polypropylene  cells  already  being  used  in  single  cell  and  multicell  evaluations  (£) . 
The  auxiliaries, which  include  electrical  monitoring  and  control  equipment,  air 
blower,  electrolyte  pump,  fueL  pump,  and  heat  and  water  balance  equipment,  have  been 
assembled  as  pictured  in  Appendix  G- 1 .  The  design  of  these  components  is  largely 
based  on  engineering  analyses  reported  earlier  (3) (4) .  No  attempt  has  been  made  to 
optimize  this  design  as  a  prototype.  Instead,  this  unit  will  be  used  for  engineer¬ 
ing  research  studies  as  the  first  step  toward  an  eventual  prototype. 

The  design  originally  aimed  at  sixty  cells  arranged  in  two  -  thirty 
cell  stacks  to  produce  200  watts  gross  and  100  watts  net.  Recent  improvements  in 
performance  in  single  cell  tests  with  new  catalysts,  described  in  Task  F,  could 
more  than  double  the  gross  output  and  reduce  parasitic  power  requirements.  The  latter 
would  be  accomplished  primarily  by  an  improved  electronic  control  system.  The 
original  system  required  a  DC  to  DC  converter  plus  a  switching  type  voltage  regu¬ 
lator  to  maintain  a  28  volt  DC  output  from  the  anticipated  12  volt  input  of  the 
fuel  ceil  stack.  This  system  provided  an  overall  electronic  efficiency  of  72”!  at 
maximum  load.  However,  typical  DC  to  DC  converter  performance  resulted  in  167 
efficiency  at  25%  of  the  maximum  load.  Improved  fuel  cell  stack  voltage  capa¬ 
bility  would  eliminate  the  need  for  the  DC  to  DC  converter  and  regulation  can  be 
provided  by  a  simple  series  regulator.  This  system  has  improved  dynamic  charac¬ 
teristics  providing  89%  efficiency  at  maximum  design  load  and  67%,  efficiency  at 
25%,  maximum  load.  A  comparison  of  the  two  electronic  control  systems  is  shown  in 
Table  G- 1 . 


Table  G-l 


Voltage  Regulator  Efficiency 


Regulator  Efficiency 
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Thus,  improved  fuel  cell  performance  increases  overall  efficiency  and 
reduces  problems  in  control. 

Part  b  -  Air  Distribution  Studies  in  9"  x  5-3/4"  Cells 

Assuring  proper  air  distribution  in  the  cells  of  a  multicell  stack  is 
necessary  for  maintaining  uniform  fuel  cell  performance.  This  problem  is  compli¬ 
cated  in  batteries  by  the  necessity  of  operating  at  relatively  low  pressure  drops 
which  can  be  supplied  by  conventional  blowers.  Therefore,  studies  of  air  distri¬ 
bution  within  and  between  the  9"  y  5-3/4"  cells  have  been  made. 

Studies  of  intracell  air  distribution  were  made  by  half-cell  measurements 
on  one  and  two  electrodes  operating  in  the  same  bicell  module.  This  arrangement 
has  been  described  previously  (3)(4).  The  air  ports,  inlets  and  outlets,  in  the 
polypropylene  frames  were  increased  from  60  mil  slots  to  3/16"  diameter  holc-s  for 
these  tests  because  of  air  distribution  problems  noticed  in  multicell  stack  op¬ 
eration  discussed  in  Phase  2,  Part  b.  Tests  were  made  at  60°C  in  1.7  M  sulfuric 
acid  using  the  membrane  clad  cathodes  described  in  Task  G.  The  measurements  were 
then  repeated  with  the  addition  of  0.25  M  methanol  to  the  electrolyte.  The  results 
showed  that  air  flow  rates  in  excess  of  four  times  stoichiometric  are  required  to 
insure  expected  cathode  activity  at  each  of  the  electrodes  in  the  bicell  module. 

In  the  presence  of  0.25  M  methanol,  the  air  flow  requirement  is  increased  to  five 
times  stoichiometric.  The  results  are  showr  in  Figures  G-l  and  G-2  and  data  is 
recorded  in  Appendix  G-2. 


These  half-cell  studies  were  confirmed  in  total  cell  tests  in  the  large 
bicell  module.  Performance  fell  off  appreciably  at  air  flow  rates  below  five  times 
stoichiometric.  Attempts  to  improve  air  utilization  by  altering  the  flow  pattern 
resulted  in  poorer  performance.  These  results  are  shown  in  Figure  G-3  and  Appendix 
G-3. 


Figure  G-3 


Air  Utilization  In  9"  x  5-3/4"  Cell 
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Finally,  intercell  air  distribution  studies  were  made  in  the  six  cell 
9"  x  5-3/4"  stack.  The  tests  were  made  at  65°C  with  1  M  methanol  in  3.7  M  sulfuric 
acid.  The  air  utilization  in  each  of  the  six  cells  operating  in  the  multicelL 
assembly  was  almost  equivalent  to  that  in  the  single  module  studies.  The  results 
are  shown  in  Figure  G-4  and  Appendix  G-12. 


F igure  G-4 
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Thus  air  distribution  in  the  large  cells  is  satisfactory  provided 
air  flow  rates  in  excess  of  five  times  the  stoichiometric  requirement  are  main¬ 
tained. 

Part  c  -  Startup  in  Methanol- Air  Cells 

It  is  important  to  minimize  the  time  required  to  reach  operating  tempera¬ 
tures'  in  a  methanol-air  battery  during  startup.  Previous  engineering  analysis  of 
heating  in  this  system  (4)  indicated  that  it  would  require  about  one  hour  to 
achieve  the  expected  operating  temperature  range  of  60°C  to  80°C  without  the  help 
of  externally  powered  heaters,  '.nils  analysis  assumed  that  the  irreversibility  of  the 
electrochemical  reactions  would  provide  the  major  heat  source  in  the  cells.  How¬ 
ever,  chemical  oxidation  of  methanol  at  the  cathode  provides  an  excellent  source 
of  heat  inside  of  the  cells.  Therefore,  tests  were  made  to  see  if  startup  time 
could  be  reduced  by  favoring  this  reaction. 

Tests  were  made  in  a  six  cell  9"  x  5-3/4"  stack  operating  on  IK  methanol' 
in  3-7  M  sulfuric  acid.  Each  cell  contained  a  P-type  anode  and  American  Cyanamid 
AA1  cathode  separated  by  Permion  1010  membrane.  The  heat  released  by  the  chemical 
oxidation  of  methanol  at  the  cathode  was  an  important  factor  in  heating  from  room 
temperature.  With  the  cells  at  open  circuit,  the  unit  reached  60°C  in  about  25 
minutes.  The  rate  of  heating  was  increased  further  by  applying  a  small  load  of 
15  ma/ citT  when  the  unit  reached  a  temperature  of  50°C.  This  permitted  safe 


operation  of  the  P- type  anodes  without  danger  of  over -pol arizat ion.  By  combining 
chemical  heating  and  electrochemical  operation  at  low  currents,  a  temperature  of 
60 °C  was  achieved  within  12  minutes.  These  results  are  shown  in  figure  G-5  and 
Appendix  G-4. 
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Thus,  startup  time  is  considerably  reduced  by  favoring  methanol  oxidation 
at  the  cathode  to  produce  initial  heating  to  safe  operating  temperatures.  Since  each 
additional  cell  is  an  added  heat  source,  it  is  expected  that  this  result  can  be  applied 
to  larger  multicell  stacks. 

Phase  2  -  Multicell  Operation 

Multicell  studies  have  continued  on  both  the  4"  x  4"  cells  and  9"  x  5-3/4" 
cells.  The  smaller  units  provide  a  direct  extension  of  the  single  cell  technology 
to  multicell  operation  while  the  larger  units  involve  scale-up  to  a  more  practical 
size.  In  addition,  multicell  evaluations  of  the  clad  cathodes  and  ruthenium 
modified  P-type  anodes  described  in  Task  F  were  initiated  to  improve  performance  and 
s  tability. 

Part  a  -  Studies  in  4"  x  4"  Stacks 

Teflon  cells,  4"  x  4"  described  previously  (4) .were  assembled  in  a 
stack  of  10  cells.  The  overall  dimensions  of  the  ten  cell  stack  were  5-3/4"  x 
-3/4"  x  3-3/4".  The  assembled  fuel  cell  stack  was  provided  with  feed  and  exhaust 
connections ,  current  collector  bus  bars,  and  hydrogen  reference  electrodes  to 
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monitor  anode  polarizations.  The  laboratory  equipment  used  for  operating  and  moni¬ 
toring  the  ten  cell  stack  is  shown  in  a  flow  schematic  in  Appendix  G-5.  Tests  were 
made  in  the  ten  cell  stack  with  methanol  and  air  in  sulfuric  acid  electrolyte  to 
study  the  problemsof  multicell  operation.  Each  cell  unit  included  a  P-type  anode, 
Permion  1010  membrane,  and  American  Cyanamid  AA1  cathode. 


In  the  initial  tests,  the  ten  cell  stack  produced  up  to  10  watts  at  various 
terminal  voltages  when  operating  at  60°C  to  70°C-  At  24°C  up  to  5  watts  power  was 
produced.  Terminal  performances  for  both  parallel-series  and  straight  series  con¬ 
nections  are  shown  in  Figures  G-6  and  G-7.  The  performance  data  are  tabulated  in 
Appendix  G-7. 


Figure  G-6 


Initial  Performance  Curve  -  Ten  Cell  Stack 
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During  operation  of  the  ten  cell  stack,  a  storage  test  was  made  for  168 
hours  with  0.25  M  methanol  in  3.7  M  sulfuric  acid  in  both  the  anode  and  cathode 
compartments.  A  negligible  activity  loss  of  only  0.02  volts  per  cell  occurred  dur¬ 
ing  this  period. 

Thus,  while  single  cell  performances  were  attained  during  initial  testing 
of  the  4"  x  4"  ten  cell  stack,  performance  declined  with  time. 

Part  b  -  Studies  in  9"  :<  5-3/4"  Stacks 

The  9"  x  5-3/4”  polypropylene  cells,  previously  described  (4),  were  used 
for  testing  performance  of  larger  P-type  and  ruthenium  modified  P-type  electrodes 
in  multlce.il  assemblies.  A  six  cell  stack  is  pictured  in  Figure  G-8. 


Tests  were  first  made  with  P-type  electrodes  in  cell  assemblies  similar 
to  those  used  in  the  4"  x  4"  multicell  stacks.  Results  summarized  in  Appendix  G-9 
confirm  the  findings  for  this  type  cell  assembly  in  small  cells  discussed  in 
Part  a.  In  addition,  air  distribution  in  the  various  cells  was  found  to  be  sensitive 
to  the  inlet  and  outlet  port  sizes.  Therefore,  the  air  ports  were  enlarged  from 
60  mil  slots  to  3/16"  diameter  holes  to  give  minimum  resistance  to  flow  and  to 
improve  intracell  and  intercell  distribution.  This  was  confirmed  in  air  distribution 
studies  described  in  Phase  1,  Part  b. 

Studies  were  initiated  with  the  ruthenium  modified  P-type  catalyst  .and 
membrane  clad  cathodes  at  60 °C  with  1  M  methanol  and  air  in  3.7  M  sulfuric  acid. 

In  assemblies  of  two  and  six  cells  the  performance  was  fairly  uniform,  averaging 
about  0.48  volts  per  cell  at  20  ma/ern2  with  0.02  volt  variation.  The  six  cell 
stack  produced  over  30  watts  power.  The  ohmic  loss  was  high,  averaging  about  0.03 
volts/cell  at  20  ma/ern^.  The  average  cell  performance  is  compared  with  that  of  a 
single  cell  in  Figure  G-9.  Detailed  data  are  given  in  Appendices  G-10,  G-ll,  and 
G-  12 . 
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The  multicell  performances  were  lower  than  the  single  cell  tests  by  about  60  to  80 
mv  in  the  20  to  60  ma/cm^  region, attributable  to  poorer  performance  at  the  methanol 
electrodes.  This  was  indicated  by  higher  than  expected  polarizations. 


This  loss  in  anode  activity  could  have  resulted  from  short  circuiting 
through  parallel  electrolyte  paths  between  the  fuel  chambers.  Thus,  further  study 
of  these  problems  is  necessary. 


SECTION  5 


CONCLUSIONS 


5.1  Task  A,  Hydrocarbon  Electrode 

Phases  1  and  2  -  Study  of  Decane  Reaction  on 

Pt-Teflon  Electrodes;  Comparative 
Performance  of  Butane  Fuel 


Comparisons  of  the  decane  and  butane  reactions  by  both  steady- state  and 
voltage  scan  measurements  indicate  that  the  limiting  rate  of  oxidation  of  both  fuels 
is  governed  by  a  step  that  is  chemical  in  nature,  possibly  fuel  adsorption  at  the 
catalyst  surface.  The  rates  for  this  step  are  higher  using  butane,  making  it  possible 
to  observe  a  Tafel-like  region  in  the  performance  curve.  For  this  region, the  reaction 
is  presumably  electron-discharge  limited,  wherein  the  butane  surface  concentration  is 
governed  by  the  adsorption  equilibrium.  In  its  general  character,  the  gaseous  butane 
reaction  provides  a  more  reliable  and  reproducible  system  for  catalyst  testing  than 
does  the  liquid  decane  system.  Catalytic  limitations  are  believed  to  be  sufficiently 
similar  to  justify  the  use  of  the  lighter  fuel  for  this  purpose. 

Phases  3  and  4  -  Flooding  Measurements;  Electrode  Structure 

A  variety  of  measurements,  including  voltage  scans,  electrode  weight 
changes, and  electrode  response  to  methanol,  showed  that  over  90Z  of  the  decane  elec¬ 
trode  becomes  flooded  with  decane.  Under  these  conditions  the  electrodes,  when 
properly  made,  permit  current  densities  at  100°C  of  about  10  ma/cm2  at  0.5  volts 
polarization.  Complete  elimination  of  the  decane  flooding  problem  could  theoretically 
improve  this  by  an  order  of  magnitude. 

The  extent  of  flooding  can  be  reduced  by  inserting  a  porous  barrier  on 
the  decane  side  of  the  electrode.  The  barrier,  because  of  its  preferential  wetting 
and  capilliarity, soaks  up  but  does  not  easily  discharge  the  fuel  into  the  electrode. 
The  use  of  the  barrier  also  permits  the  use  of  better  performing  electrode  struc¬ 
tures  which, by  themselves, would  be  structurally  weak.  With  these  barriers,  over 
twofold  improvements  in  catalyst  utilization  can  be  obtained. 

Phase  5  -  Electrolyte  Variations 


The  use  of  per f luoroacids  as  electrolytes  demonstrate  that  electrolytes 
which  have  a  greater  tendency  to  wet  electrode  structures  could  aid  in  preventing 
decane  flooding  and  improve  cell  performance.  Such  electrolytes  are  also  stable 
to  oxidation  and  hydrolysis,  and  have  high  conductances.  Heptaf luorobutyric  acid  was 
particularly  useful  in  improving  the  performance  of  carbon  as  well  as  platinum  based 
structures.  Similar  studies  using  electrolyte  additives  to  improve  the  wettability 
of  sulfuric  acid  indicated  that  improvements  in  performance  could  be  obtained  using 
this  approach. 

The  use  of  phosphoric  acid  on  an  electrolyte  for  liquid  decane  was  not 
beneficial.  However,  a  mixed  electrolyte  consisting  of  sulfuric  acid  and  phosphoric 
acid  shows  improved  conductance  at  high  acid  concentrations  and  could  prove  useful 
in  this  region. 
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Phase  6  -  Gas  Phase  Testin; 


Under  very  specific  conditions  gaseous  hydrocarbons  could  be  made  to  give 
excellent  performance.  Using  a  p lat inum-Tef Ion  electrode  made  with  Teflon  emulsion, 
butane  could  be  reacted  at  150°C  in  concentrated  phosphoric  acid  to  give  up  to  400 
ma/cm^.  Under  these  conditions  decane  vapor  yields  up  to  100  ma/cm2.  These  results 
could  be  used  in  designing  a  hydrocarbon  fuel  cell  provided  several  serious  engineering 
and  materials  problems  could  be  overcome.  The  above  electrodes  were  of  no  advantage 
with  liquid  decane,  however.  Their  specificity  again  indicates  the  importance  of 
structure  and  wetting  properties  and  strengthens  the  hope  that  optimization  of  these 
factors  could  lead  to  large  improvements  in  liquid  fuel  performance. 

Phase  7  -  Noble  Metal  Catalysts 


In  addition  to  the  structural  effects  noted  above  the  precipitation  condi¬ 
tions  were  found  to  have  a  large  effect  on  catalyst  performance.  A  significantly 
higher  surface  area  platinum,  60%  greater  than  commercial  platinum  black,  could  be 
produced  by  co-precipitating  platinum  with  aluminum  hydroxide.  This  results  in  a 
two  to  threefold  Increase  in  performances  on  methanol  as  well  as  decane.  Experiments 
using  the  P-type  electrodes  for  decane  oxidation  showed  that  this  catalyst  has  better 
initial  activity  than  platinum.  However,  this  catalyst  irreversibly  deactivates  with 
use . 

Phase  8  -  Non-noble  Steam  Reforming  Catalysts 

Low  cost  steam  reforming  catalysts  have  enough  activity  for  a  practical 
system  above  250 °C.  However,  a  twentyfold  improvement  in  activity  is  needed  for 
applications  below  150°C.  High  hydrogen  concentrations  are  attainable  and  the  re¬ 
sultant  hydrogen-rich  gas  is  able  to  operate  efficiently  in  a  fuel  cell  without 
pur i f ication. 

5.2  Task  B,  Hydrocarbon  Fuel  Cell 

Phase  1  -  Liquid  Hydrocarbon-Air  Fuel  Cell 

The  total  hydrocarbon  fuel  cell  assembly  has  proven  to  be  operable.  The 
cell  components,  especially  the  liquid  decane  electrodes  employed,  performed  with 
their  same  characteristics  in  total  cell  operation  as  they  had  in  half  cell  tests. 
Power  densities  at  abcut  100°C  of  8.2  mwatts/cm^  with  cell  voltages  of  0.44  volts 
are  attainable,  with  optimum  performance  favoring  lower  sulfuric  acid  concentrations. 

5.3  Task  C,  New  Systems 

Phase  1  -  Buffer  Electrolytes 

Buffer  electrolytes  can  support  practical  performance  levels  at  both 
electrodes  and  in  total  cells.  Anode  performances  in  methanol  with  present  cata¬ 
lysts  are  as  good  or  better  than  in  acid  and  carbon  dioxide  is  rejected.  The  best 
catalyst  in  both  phosphate  and  carbonate  solutions  is  the  P-type.  Cathode  perform¬ 
ances  are  somewhat  poorer  in  buffer  solutions,  due  to  ionic  concentration  polariza¬ 
tion  within  the  porous  electrodes,  but  can  reach  acceptable  levels  if  suitable 
structures  are  used.  In  total  cells  the  methanol  incompatibility  problem  is  more 
severe  at  the  cathode  in  buffer  than  in  acid  due  to  the  necessity  for  bulk  flow 
through  the  electrode.  However,  successful  operation  at  power  outputs  of  more  than 
10  mwatts/cm^  with  air  is  possible  if  special  precautions  are  taken  to  minimize 
methanol  flow  to  the  cathode.  Further  improvements  in  total  cell  performance  can 
be  gained  by  increasing  the  total  concentration  of  the  buffer  and  optimizing  the 
ratio  of  the  acidic  and  basic  components. 


Phase  2  -  Hydrocarbon  Redox  Systems 


Rhenium  heptoxide  is  the  only  oxidizing  agent  found  active  for  hydrocarbons 
at  moderate  conditions.  When  boiled  as  a  slurry  in  decane,  the  hydrocarbon  is  con¬ 
verted  partially  to  carbon  dioxide  and  the  heptoxide  reduced  to  the  trioxide  and  in 
some  cases  to  the  dioxide.  The  yield  of  carbon  dioxide  can  be  increased  by  the 
presence  of  certain  catalysts,  such  as  platinum  or  gold.  The  chemical  reaction  rate 
is  equivalent  to  a  current  density  of  more  than  50  ma/cm2 ,  so  that  this  step  would  not 
be  limiting  in  a  complete  redox  cycle.  The  slow  step,  however,  is  the  electrochemical 
reoxidation  of  the  reduced  species.  This  has  not  been  achieved,  due  probably  to  the 
lack  of  electrical  conductivity  of  Lhe  oxide. 


Phase  3  -  Dynamic  Electrode  Studies 


No  performance  benefits  are  achieved  with  the  flowing  fuel  system  by  pre¬ 
heating  decane  or  by  electrically  heating  the  electrode.  Open  circuit  pulsing  is 
also  of  no  benefit,  since  a  slower  rate  of  polarization  is  offset  by  the  lowered 
time  average  current.  Sintered  platinum- Teflon  electrodes  and  platinized  gauzes  are 
not  active  in  the  flowing  fuel  system. 


Phase  4  -  Slurry  Catalyst  Systems 


The  performance  of  slurry  catalyst  systems  with  a  rotating  electrode 
depends  strongly  on  the  cell  geometry  employed,  as  well  as  catalyst  concentration. 
Optimum  activity  is  achieved  when  sufficient  turbulence  is  introduced.  Under  these 
conditions,  performance  with  methanol  and  decane  increases  approximately  linearly 
with  the  concentration  of  platinum  black  catalyst  and  the  rotating  speed  becomes 
unimportant  above  a  minimum  value.  Performance  levels  equal  or  superior  to  static 
systems  can  be  reached  at  catalyst  concentrations  of  10  mg/ml  or  higher.  At  the 
same  time,  by  assuming  that  the  cell  volume  can  be  limited  to  that  swept  out  by  Lhe 
electrode,  catalyst  utilizations  can  be  calculated  which  arc  many  times  higher  than 
for  static  systems.  The  practical  significance  of  these  results  must  awa it  further 
engineering  evaluation  to  determine  the  power  requirements  needed  to  operate  a 
slurry  catalyst  system. 


Other  modifications  to  the  slurry  system  do  noL  improve  performance. 
Supported  platinum  catalysts  are  not  active,  except  with  a  carbon  substrate.  However, 
no  additional  catalyst  utilization  advantage  is  found  in  this  case.  Buffer  elec¬ 
trolytes  support  low  current  density  activities  with  methanol  and  decane  equivalent 
to  those  in  sulfuric  acid,  but  at  current  densities  above  about  20  ma/cm2  instability 
and  poorer  performance  occur.  These  effects  appear  related  to  catalyst  wetting 
phenomena  noted  also  in  acid  electrolyte. 

Phase  5  -  New  Materials 

Preliminary  studies  suggest  that  nuclear-grade  zirconium,  as  well  as  boron 
carbide  and  boron  nitride  may  resist  anodic  corrosion  in  sulfuric  acid.  Hence, 
they  deserve  further  study  to  evaluate  their  usefulness  in  fuel  cell  components. 


Phase  6  -  Phthalocyanine-Based  Catalyst s 


The  phthalocyanine  compounds  of  base  metals  are  not  active  catalysts  for 
the  reduction  of  oxygen  or  the  oxidation  of  hydrocarbons  in  sulfuric  or  phosphoric 
acids.  Mixing  platinum  with  these  compounds  does  not  result  in  any  clear-cut 
synergistic  effect,  although  certain  of  the  phthalocyanines  appear  to  beneficially 
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wetproof  their  carbon  substrates.  The  phthalocyanines  are  stable  under  cathodic 
conditions  in  sulfuric  acid  and  to  a  lesser  extent  in  phosphoric  acid.  Under  anodic 
conditions,  however,  considerable  decomposition  occurs. 

5.4  Task  D,  Methanol  Electrode 

Phases  1  and  2  ••  Preparation  and  Performance  of  Platinum- 
Ruthenium  Catalysts;  Characteristics  of 
Modified  P-type  Catalysts _ 

The  performance  of  platinum- ruthenium  catalysts  can  be  improved  to  levels 
comparable  to  those  of  the  P-type  catalyst  by  activating  the  catalyst  in  a  basic 
solution.  The  stability  of  this  catalyst,  especially  when  overpolarized,  is  excel¬ 
lent  and  does  not  depend  on  the  amount  of  methanol  present. 

The  susceptibility  of  the  P-type  catalyst  to  losing  performance  as  a  re¬ 
sult  of  overpolarization  can  be  significantly  reduced  by  stabilizing  with  potassium 
ions.  However,  the  degree  of  stabilization  depends  upon  the  methanol  concentration 
in  the  electrolyte.  The  P-type  catalyst  can  be  further  improved  in  both  performance 
and  stability  by  the  controlled  addition  of  ruthenium.  This  catalyst  is  the  most 
active  methanol  catalyst  developed  to  date.  The  preparation  of  this  catalyst  is 
somewhat  slow.  However,  a  procedure  that  will  produce  a  slightly  less  active 
catalyst,  but  is  relatively  fast  is  available.  The  procedure  consists  of  fabricating 
the  electrode  in  a  less  active,  agglomerated  form  and  then  activating  in  base. 

Phase  3  -  Procedures  Aimed  at  Enhancing  Methanol  Performance 

Several  new  methods  of  preparing  methanol  catalysts  were  developed.  One 
using  radical  anion  reduction  showed  little  advantage  over  other  techniques  presently 
in  use.  A  second,  involving  the  co- reduction  and  subsequent  removal  of  silver,  pro¬ 
duced  platinum  electrodes  with  almost  twice  the  surface  area  and  three  times  the  per¬ 
formance  of  commercially  available  platinum  black.  In  addition,  attempts  to  improve 
upon  the  structure  of  these  electrodes  through  the  addition  of  binders  proved  unsuc¬ 
cessful. 


Studies  of  the  preparation  of  co-metal  catalysts  of  ruthenium  and  noble 
metals  other  than  platinum  showed  that  active  methanol  catalysts  can  be  made  with¬ 
out  the  use  of  platinum.  An  iridium- ruthenium  catalyst  proved  to  have  exceptionally 
high  activity. 

Phase  4  -  Double  Layer  Capacitance  Studies 
on  Pt-ReyOy-Kethanol  Systems _ 

The  adsorption  of  methanol  and  Re207  on  a  platinum  surface  has  been  shown 
to  result  in  significant  changes  in  the  measured  double  layer  capacitance.  Under 
conditions  of  optimum  performance,  the  rhenate  ions  occupy  about  60  to  807  oi  the 
available  platinum  surface  with  methanol  covering  the  remaining  sites.  This  find¬ 
ing  confirms  the  inferences  of  prior  studies  indicating  that  the  fuel  reacts  with 
a  pre-adsorbed  rhenate  layer  that  covers  most  of  the  surface. 

5.5  Task  E,  Air  Electrode 

Phase  1  -  Thin  Carbon  Electrodes 


The  most  important  variables  in  the  preparation  of  thin  carbon  electrodes 
are  the  use  of  a  platinum  re  impregnation  technique  for  maximum  performance  and  a 
radical  anion  reduction  for  maximum  catalyst  utilization.  These  electrodes  perform 


better  in  3.7  M  sulfuric  acid  at  100°C  than  in  14.7  M  phosphoric  acid  at  150°C. 

The  former  condition  will,  therefore,  be  retained  for  screening  work.  The  flooding 
of  the  thin  carbon  structure,  associated  with  high  hydrostatic  pressures,  can  be 
prevented  by  application  of  a  40  to  60%  porous  Teflon  layer  to  the  gas  side.  In 
this  way  scale-up  of  this  electrode  is  permitted,  as  well  as  a  reduction  in  the 
overall  thickness.  Catalyst  densities  down  to  1.2  ing/cm2  can  be  used  with  no 
loss  in  performance.  Below  this  level,  however,  a  constant  catalyst  utilization  is 
reached,  resulting  in  lower  performance  with  decreasing  catalyst  loading.  These 
results  show  that  the  thin  carbon  electrode  with  a  porous  Teflon  layer  offers  an 
active  and  efficient  air  electrode  structure. 

Phase  2  -  Platinum-Teflon  Electrodes 


Teflon- coated  platinum- Teflon  electrodes  show  proportional  increases 
in  performance  with  catalyst  densities  between  about  1.5  and  14  mg/cm2.  Above 
14  mg/cm2  performance  is  constant,  indicating  a  drop  in  catalyst  utilization.  At 
the  1.5  mg/cm2  level,  utilization  is  doubled  by  incorporating  powdered  gold  to  in¬ 
crease  the  electrical  conductivity  of  the  electrode.  At  very  high  catalyst  densities, 
utilization  is  improved  by  use  of  a  multi-layer  structure  consisting  of  alternate 
strips  of  platinum- Teflon  and  Teflon.  Overall  utilization  is  still  inferior  to  the 
thin  carbon  structures,  however. 

Phase  3  -  Platinum  and  Gold  Oxygen  Catalysts 

The  importance  of  surface  oxide  layers  to  the  performance  of  platinum- 
containing  oxygen  catalysts  was  confirmed  by  experiments  in  which  platinum  was  pre¬ 
treated  by  either  anodization  or  cathodization.  In  both  cases,  the  subsequent  re¬ 
turn  to  steady  state  was  slow  and  approached  from  a  lower  polarization  in  the  case 
of  the  cathodized  sample  and  from  a  higher  polarization  by  the  anodized  sample.  The 
addition  of  gold  to  platinum  did  not  shift  the  potential  at  which  the  surface  oxide 
formed.  However,  in  the  case  of  melted  alloy  samples,  the  presence  of  107„  or  more 
gold  inhibited  completely  the  oxide  formations  of  both  metals.  In  addition,  the 
catalytic  activity  decreased  with  increasing  gold  content.  Powdered  platinum- go Id 
samples  and  those  supported  en  carbon,  however,  gave  normal  oxide  peak  and  catalytic 
behavior.  Although  the  cause  of  these  differences  is  not  known,  it  does  not  appear 
that  the  oxygen  catalytic  activity  of  platinum  is  improved  by  gold  addition.  An 
open-circuit  potential  corresponding  to  that  of  oxygen,  1.23  volts,  was  observed  on 
gold  following  vigorous  anodization.  However,  this  was  traced  to  the  formation  of 
a  gold  oxide  layer  under  these  conditions  rather  than  oxygen  reduction. 

Phase  4  -  Oxygen  Catalysts  for  Buffer  Electrolytes 

Silver  catalysts  for  eventual  use  in  buffer  electrolytes  are  capable  of 
high  current  densities  and  appear  insensitive  to  methanol.  However,  they  are 
highly  polarized  and  the  best  activities  are  obtained  only  with  carbon  supports, 
which  introduce  high  ionic  concentration  polarizations  in  buffer  solutions. 

5.6  Task  F,  Methanol  Fuel  Cell 


Phase  1  -  Single  Cell  Engineering  Research 

Use  of  a  membrane  clad  cathode  in  total  cell  operation  has  resulted  in 
improved  performance.  Maximum  power  increased  from  26  mwatts/cm2  to  31  mwatts/cm 
at  60°C.  The  clad  cathode  insures  uniform,  intimate  contact  between  the  cathode 
and  membrane  which  results  in  lower  resistance  and  less  tendency  for  CO2  gas 
accumulation.  Thus,  ohmic  polarization  is  reduced.  It  also  permits  more  effective 
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reduction  of  02  over  the  entire  cathode  surface  which  reduces  cathodic  polarization. 
Finally,  since  O2  reduction  suppresses  methanol  oxidation  at  the  cathode,  the  com¬ 
patibility  is  improved.  Tests  of  fuel  and  air  distribution  in  the  4"  x  4"  single 
cells  showed  that  reactant  distribution  is  satisfactory. 

Phase  2  -  Single  Cell  Operation  With  Improved  Methanol  Catalysts 

Evaluation  of  three  new  catalysts  in  total  cell  operation  established 
that  the  ruthenium  modified  P-type  catalyst  is  best  for  further  single  cell  and 
multicell  work.  Performance  in  total  cells  with  this  catalyst  improved,  maximum 
power  increasing  to  45  mwatts/cm2  at  82°C.  Electrodes  made  with  this  catalyst 
were  more  chemically  stable  than  P-type  catalyst  stabilized  by  potassium  and  more 
mechanically  stable  than  platinum- ruthenium.  Scale-up  studies  in  9"  x  5-3/4"  cells 
showed  that  electrode  performance  of  both  the  ruthenium  modified  P-type  anode  and 
clad  cathode  was  equivalent  to  results  in  4"  :<  4"  cells.  However,  higher  resistance 
in  the  larger  cell  remains  a  problem- 

5.7  Task  G,  Prototype  Development 

Phase  1  -  Multicell  Engineering  Research 

The  design  of  a  methanol  battery  for  research  was  completed.  Based  on 
this  design,  considerations  of  problems  of  battery  operation  were  extended.  Con¬ 
siderable  improvement  in  efficiency  of  electronic  control  is  possible  for  the  higher 
fuel  cell  performance  demonstrated  in  single  cell  work  with  the  ruthenium  modified 
P-type  catalyst.  Results  of  air  distribution  studies  in  half  cells,  total  cells, 
and  multicell  units  have  confirmed  that  the  present  9"  x  5-3/4"  cell  design 
requires  at  least  five  times  stoichiometric  air  flow  to  insure  uniform  cell  per¬ 
formance.  In  studies  of  start-up  in  multicell  assemblies,  methanol  oxidation  at  the 
cathode  has  been  shown  to  be  an  effective  technique  for  accelerating  the  initial 
heating  of  the  fuel  cells. 

Phase  2  -  Multjcell  Operation 

Studies  in  multicell  stacks  cf  4"  x  4"  and  9"  x  5-3/4"  cells  have  been 
extended.  In  both  sized  units  with  P-typc  anodes,  original  performance  targets  (4) 
were  achieved  in  initial  tes  rg  but  performances  losses  resulted  in  both  electrodes 
after  continued  operation.  ,  ..ode  deactivation  resulted  from  sensitivity  of  the  P-type 
catalyst  to  chemical  and  electrochemical  oxidation  and  cathode  performance  declined 
because  of  increased  olimic  polarization.  Studies  with  new  components  from  single 
cell  work  have  been  initiated.  Using  ruthenium  modified  P-type  anodes  and  clad 
cathodes,  ohmic  resistance  free  performance  in  a  six  cell  9"  x  5-3/4"  stack  approached 
the  new  expected  levels.  However,  high  resistance  in  the  large  cell  previously 
observed  in  single  cell  tests  also  appeared  in  the  multicell  evaluations.  Thus, 
further  changes  in  this  cell  design  will  be  made. 


SECTION  6 


PROGRAM  FOR  NEXT  INTERVAL 


The  studies  carried  out  in  hydrocarbon  fuel  cells  during  the  first  half 
of  1964  have  been  directed  to  uncovering  the  causes  for  performance  limitations 
and  exploring  catalytic  and  electrode  structural  approaches  for  overcoming  these 
limitations.  The  techniques  used  in  this  aspect  of  the  program  have  been  largely 
those  applied  successfully  to  bring  the  methanol  cell  to  its  present  state  of  develop¬ 
ment.  However,  work  on  radically  new  approaches  has  been  initiated  and  may  prove 
even  more  effective.  Both  avenues  will  be  followed  during  the  remainder  of  the  year 
with  increasing  emphasis  on  low  cost  catalyst  systems  and  exploitation  of  the  buffer 
electrolyte  cell. 

The  methanol  fuel  cell  has  achieved  promising  performance  levels  in  short 
term  laboratory  cells.  Further  work  will  be  directed  towards  translating  the  new 
components  into  multicell  systems.  However,  research  on  methanol  cells  will  con¬ 
tinue  with  the  objective  of  improving  catalyst  performance  and  capabilities,  as  well 
as  reduce  costs. 

The  past  and  projected  distribution  of  effort  on  each  of  these  tasks  are 
as  follows.  The  emphasis  will  depend  on  the  rates  of  progress  in  each  area. 


Effort  Expended  in  1964,  % 


Task 

Title 

Actual 

January- June 

Proj  ected 
Juiy-December 

A 

Hydrocarbon  Electrode 

31 

3  V 

B 

Hydrocarbon  Fuel  Cell 

2 

1 

C 

New  Systems 

25 

15 

t) 

Methanol  Electrode 

13 

10 

E 

Air  Electrode 

8 

4 

F 

Methanol  Fuel  Cell 

11 

7 

G 

Prototype  Development 

10 

2  6 

Research  and  development  is  expected  to  concentrate  during  the  latter 
half  of  the  year  as  follows: 

6.1  Task  A,  Hydrocarbon  Electrode 


Future  research  efforts  will  continue  to  deal  with  both  electrode  struc¬ 
ture  and  electrode  catalysis.  The  work  will  continue  to  be  directed  toward  the 
use  of  liquid  hydrocarbons  in  the  jet  fuel  boiling  range  operating  at  the  lowest 
possible  operating  temperatures  with  non-noble  catalysts  or  catalysts  containing 
less  than  1  mg  platinum  per  cm~  or  its  equivalent.  In  the  area  of  non-noble  cata¬ 
lysts  two  approaches  will  be  taken.  One  will  be  to  incorporate  Group  VII  or  VIII 
metals  into  compounds  stable  enough  to  resist  corrosion  yet  still  active  enough  to 
be  catalytic,  such  as  mixed  oxides,  carbides,  nitrides,  borides,  or  silicidcs. 
Recently  reported  refractory  mixed  compounds  of  this  type  will  be  examined.  The 
second  approach  will  be  to  use  alloys  of  non-noble  metals  in  buffer  electrolytes, 


123 


making  use  of  regions  of  their  phase  diagrams  in  which  unusual  thermodynamic 
stabilization  exists.  This  may  provide  added  corrosion  resistance.  In  the  noble 
metals  area  the  approach  will  be  to  prepare  alloys  to  modify  the  catalyst  struc¬ 
ture  or  to  augment  its  surface  redox  properties.  In  addition,  means  will  be  sought 
to  use  carbon  and  other  supports  to  reduce  the  expensive  metal  requirements  by  a 
factor  of  at  least  ten.  Following  preliminary  tests  to  verify  that  the  butane 
system  is  sensitive  to  catalyst  differences,  as  suggested  by  the  mechanism  studies, 
that  system  will  be  used  to  screen  catalysts,  with  minimum  electrode  structure 
complications.  Those  catalysts  which  appear  promising  will  be  tested  with  liquid 
decane . 


The  work  on  the  low  temperature  steam  reforming  catalysts  will  initially 
emphasize  their  incorporation  into  electrodes,  which  means  solution  of  the  con¬ 
ductivity  and  handling  problems.  Should  the  activity  of  these  catalysts  prove  to 
be  too  low  at  100°C  attempts  will  be  made  to  use  non-corrosive  electrolytes  at 
temperatures  up  to  250°C.  Consideration  will  also  be  given  to  the  use  of  these 
catalysts  in  separate  steam  reforming  chambers. 

The  structure  work  in  the  hydrocarbon  area  will  involve  control  of  the 
catalyst  distribution  and  the  wetting  properties  of  the  electrode.  The  variables 
to  be  studied  include  the  binder  type,  form  and  particle  size,  the  properties  of 
the  Teflon-catalyst  gel,  the  sintering  c<  dilions,  and  the  use  of  barriers  or  gas 
spaces.  All  of  these  variables  will  be  altered  when  necessary  to  suit  new  catalysts 
or  catalysts  on  carbon  or  other  supports.  In  addition, the  benefits  of  fluorocarbon 
acid  electrolytes,  or  additives  such  as  FC-‘)5,  will  continue  to  be  explored  with 
the  new  structures.  It  is  expected  by  those  means  to  be  to  attain  performances 

with  liquid  fuels  at  least  equal  to  those  now  obtained  with  gases. 


6.2  Task  B,  Hydrocarbon  Fuel  Cell 

The  total  cell  facility  will  continue  to  bo  used  for  evaluations  of 
promising  new  electrode  and  electrolyte  systems.  Tito  extent  to  which  this  unit  is 
tested  will  depend  upon  the  rate  of  progress  in  the  development  of  new  components. 
However,  little  effort  in  this  area  is  expected  during  tile  next  six  months. 


6.3  Task  C,  Now  Systems 

Buffer  solutions  have  been  shown  to  be  electrolytes  capable  of  supporting 
high  current  densities  at  practical  cell  voltages.  Therefore,  work  to  further 
improve  on  these  performance  levels  in  these  non-acid  but  CO2  rejecting  electrolytes 
will  continue,  largely  emphasizing  research  oil  non-noble  catalysts.  In  addition, 
buffer  solutions  of  iiigher  concentrations  and  of  other  compositions  will  be 
investigated.  The  slurry  catalyst  system  will  be  examined  from  an  engineering 
standpoint,  with  emphasis  on  establishing  its  feasibility.  Studies  of  the  effects 
of  catalyst  particle  size  and  of  gaseous  reactants  will  also  be  made  however,  to 
provide  data  Cor  Lhe  engineering  evaluations. 

Other  areas  to  be  investigated  include  new  methods  of  hydrocarbon  elec¬ 
trode  operation,  including  various  types  of  fuel  delivery  systems  and  the  effects 
of  intermittent  fuel  supply.  These  concepts  wi  11  be  combined  with  recent  advances 
in  electrode  structures  to  see  if  further  benefits  are  possible.  Still  another  study 
will  determine  the  feasibility  of  low  temperature  dehydrogenation  of  methanol  to  yield 
hydrogen  and  formaldehyde.  These  reactants,  when  fed  to  fuel  electrodes,  should  offer 
enhanced  reactivity  compared  to  methanol. 


6.4  Task  D,  Methanol  Electrode 


With  the  development  of  active  meLhanol  catalysts,  the  research  effort 
will  center  on  improving  the  performance  of  these  catalysts,  particularly  with 
regard  to  extending  their  life  under  a  variety  of  operating  conditions,  and  to 
lowering  their  costs.  Efforts  will  be  made  to  establish  high  performance  using  less 
pure  fuel  stocks  at  low  temperatures  and  high  acid  concentrations.  Studies  will 
be  made  on  improving  the  electrodes  by  incorporating  various  plastic  binders  into 
the  structures.  Attempts  will  also  be  made  to  reduce  the  catalyst  loading  by  sup¬ 
porting  on  carbon  or  dilution  by  conductive  inerts.  Also  work  aimed  at  finding  less 
expensive  active  catalysts  will  continue. 


6.5  Task  E,  Air  Electrode 

A  variety  of  good  structures  are  available  for  air  electrode  use  in  acid 
electrolyte.  However,  satisfactory  structures  are  still  needed  for  buffer  electrolytes 
to  minimize  ionic  concentration  effects.  Therefore  studies  will  be  carried  out 
aimed  at  optimizing  the  flow-through  properties  of  the  cathode.  Catalysis  continues 
to  be  of  prime  importance,  regardless  of  the  electrolyte.  Work  will  continue  on 
developing  more  active  and  less  expensive  catalysts.  One  area  will  investigate  the 
importance  of  geometric  factors  to  air  electrode  catalysis.  Another  program  will 
continue  to  study  silver-containing  catalysts,  which  have  already  demonstrated  some 
activity  and  insensitivity  to  the  presence  of  methanol.  In  addition,  other  non-noble 
catalysts  will  be  tested  in  buffer  electrolyte. 


6.6  Task  F,  Methanol  Fuel  Cell 


The  large  polypropylene  cells  have  demonstrated  their  ruggedness  and 
reliability.  However,  work  is  needed  to  improve  their  design  to  increase  perform¬ 
ance  to  the  levels  obtained  in  the  smaller  Teflon  cells.  This  will  require  more 
detailed  analysis  of  the  problems  of  conduction  of  current  in  large  cells.  Specif¬ 
ically,  sources  of  higher  internal  resistance  must  be  found  and  corrected.  These 
cells,  together  with  smaller  Teflon  and  polypropylene  units,  will  be  used  to  evaluate 
cell  components  during  long  term,  sustained  operation.  In  addition,  studies  will 
be  made  of  lower  temperature  performance  to  establish  operability  during  startup. 
Also,  the  mode  of  operation  of  the  cell  will  be  simplified,  thereby  minimizing 
requirements  in  the  auxiliaries  needed  for  battery  operation.  In  particular,  the 
need  for  electrolyte  circulation  will  be  evaluated  and  alternate  meLhods  for  fuel 
injection  and  mixing  and  prevention  of  concentration  polarization  explored. 


6.7  Task  G,  Prototype  Development 

Work  is  continuing  on  the  development  of  operable  multicell  units.  The 
entire  effort  will  concentrate  on  the  larger  9"  x  5-3/4"  polypropylene  cell  stacks. 
Additional  units  having  greater  numbers  of  cells  will  be  employed.  These  units 
will  be  used  to  study  the  problems  attendant  to  their  operation  in  terms  of  their 
effects  upon  the  performance  of  the  individual  cell  components  as  well  as  the  per¬ 
formance  of  the  units  as  whole  entities.  Particular  attention  will  be  given  to 
redesigning  these  units  to  eliminate  cell  inefficiencies  caused  by  excessive  olimic 
losses  in  the  current  collection  system,  current  leakage  between  cells,  and  mal¬ 
distribution  of  both  fuel  and  air  in  their  manifolds. 
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Efforts  will  also  be  directed  toward  improving  the  techniques  used  in  both 
the  preparation  of  large  quantities  of  catalyst  and  for  the  fabrication  of  the  large 
electrodes.  Identifying  the  causes  of  any  voltage  debits  associated  with  the  scale- 
up  of  these  procedures  and  minimizing  their  effects  will  be  of  paramount  concern. 

In  addition  attention  will  also  be  given  to  such  problems  as  establishing  methods 
for  controlling  fuel  concentration,  water  balancing,  temperature  maintenance,  and 
startup . 
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SECTION  7 


IDENTIFICATION  OF  PERSONNEL  AND  DISTRIBUTION  OF  HOURS 


Ba~ckground  of  New  Personnel 

John  S.  Batzold  (Ph.D.,  Physical  Chemistry,  McGill  University)  has  been  at 
Esso  Research  since  1952  engaged  in  research  in  the  areas  of  gasoline  combus¬ 
tion,  lubrication,  radio  tracers,  corrosion,  surface  chemistry, and  electro¬ 
chemistry,  and  has  one  publication  concerning  engine  lubrication.  His  present 
assignment  is  directed  toward  improving  the  components  of  the  methanol  fuel 
cell. 

Morton  Be  1 1 zcr  (Ph.D.,  Physical  Chemistry,  Polytechnic  Institute  of  Brooklyn) 
has  been  with  Esso  Research  since  1959,  most  of  that  time  in  the  Fuel  Cell 
Section.  His  projects  have  included  the  development  of  new  electrode  struc¬ 
tures.  Dr.  Beltzer  has  one  publication  on  redox  polymers  and  six  patent 
applications  in  the  area  of  fuel  cells.  He  is  presently  working  on  buffer 
electrolytes. 

George  Ciprios  (M.S.,  Chemical  Engineering,  Columbia  University)  has  been  at 
^*"11  «-.ea  rch  since  1956  working  on  a  variety  of  petroleum  processes  areas. 

His  nrnieTT  '  1  i  included  studies  of  the  rheological  behavior  of  lubricants 

and  other  pc  l  ro  1  eunF^^-aa-nonen  t  s  .  He  is  co-author  of  a  chapter  on  thermal  and 
catalytic  cracking,  and  rero^sy^ng  in  "Modern  Petroleum  Technology."  He  is 
currently  engaged  in  the  deve lo^>sft  of  improved  fuel  electrode  structures. 

Hugh  H.  Horowitz  (Ph.D.,  Organic  Chemistry.  Columbia  University)  has  had 
eleven  years  of  experience  all  with  this  company,  in  fuel  cells  and,  prior  to 
that, in  organic,  polymer,  and  surface  chemistry,  !)vd> 'dynamic  lubrication  and 
rheology.  Me  has  about  15  publications  in  I  ubr i Ja l i on,  and  polymer  and  organic 
chemistry,  and  has  two  patents  and  about  seven  pending. 

Donald  E.  LeClair  (B.S.,  Mechanical  Engineering,  University  of  Massachusetts) 
come  to  Esso  Research  in  February,  1964  from  Gilbert  &  Barker  Manufacturing 
Company,  the  manufacturing  affiliate  of  Standard  Oil  (N.  J.).  He  has  served 
in  the  Critical  Skills  Program  of  the  U.S.A.F.  and  brings  with  him  7  years 
experience  in  such  areas  as  design,  manufacturing,  and  R  &  D.  He  has  two 
patents  in  the  field  of  valve  design  and  manufacture  and  is  presently  working 
on  design  and  development  of  fuel  cell  hardware  and  auxiliaries. 

John  M.  Mat  sen  (Ph.D.,  Chemical  Engineering,  Columbia  University)  has  been 
at  Esso  Research  since  1961.  His  doctoral  dissertation  was  in  the  area  of 
redox  fuel  cells.  He  has  also  worked  in  areas  of  catalysis,  adsorption 
separations,  equilibrium  and  transport  properties  and  has  twelve  publications 
in  those  fields.  Presently  he  is  responsible  for  component  and  system  develop¬ 
ment  in  the  methanol  cell. 

Gershon  Metzger  (Ph.D.,  Columbia  University)  has  been  with  Esso  Research  since 
1960  after  spending  one  year  as  a  Post  Doctoral  Research  Associate  at  Columbia. 
His  specialty  is  organic  chemistry  --  synthetic  os  well  as  kinetic,  mechanism 
and  analytical  work.  He  has  13  publications  and  presentations  and  2  patents 
pend ing. 
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Charles  E.  Morrell  (Ph.D.,  University  of  Minnesota)  has  29  years  of  industrial 
experience,  all  at  Esso  Research.  His  w<5rk  has  been  in  various  areas  of 
organic  and  physical  chemistry,  and  has  resulted  in  about  30  publications  and 
75  patents. _ 

William  F.  Taylor  (M.S.,  Chemical  Engineering,  Ohio  State  University;  M.S., 
Statistics,  Rutgers  University)  has  been  with  this  company  since  1957  working 
in  petroleum  process  development  and  the  preparation  and  kinetic  and  mechanism 
analysis  of  catalysts.  He  has  15  patent  applications  and  three  publications 
in  the  catalysis  area. 

Charles  E,  Thompson  (Ph.D.,  University  of  Nebraska)  has  had  13  years  experi¬ 
ence  in  fuel  cell  research,  organic  synthesis  and  .ca ta  1  y sis ,  all  at  Esso 
Research.  He  has  9  patents  with  10  pending  and  two  publications  in  the  area 
of  catalysis. 

7.2  Distribution  of  Hours 

The  following  are  the  technical  personnel  who  have  contributed  to  the  work 
during  the  reporting  period  1  Jan.  1964  -  30  June  1964  and  the  approximate  number 
of  hours  of  work  performed  by  each: 


John  S.  Batzold 

906 

Morton  Beltzer 

942 

George  Ciprios 

655 

I-Ming  Feng 

926 

Carl  E.  Heath 

926 

Eugene  L.  Holt 

958 

Hugh  H.  Horowitz 

956 

Donald  E.  LeClair 

934 

Duane  G.  Levine 

950 

Jchn  M-  Matsen 

765 

Gershon  Metzger 

925 

Andreas  W.  Moerikofer 

949 

Charles  E.  Morrell 

760 

Eugene  H.  Okrent 

938 

Joseph  A.  Shropshire 

936 

Barry  L.  Tnrmy 

919 

William  F.  Taylor 

705 

Charley E.  Thompson 

935 

James  A.  Wilson 

816 

Charles  H.  Worsham 

786 

Total 

17,587 

SECTION  8 
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APPENDIX  A- 1 


EVALUATION  OF  POLARIZATIONS 


In  order  to  place  our  reported  polarizations  on  a  realistic  basis  all 
reported  values  are  corrected  for  the  effects  of  liquid  junction  potentials.  Use 
has  been  made  of  the  calculated  and  measured  parameters  in  Figure  A- 1  in  determining 
the  appropriate  corrections. 

Figure  A* 1 
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Figure  A-4 


Effect  of  Acid 

Concentration  on  Coulombs  in  Butane  Peak 
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APPENDIX  A- 12 


Conductance  of  Mixed  H„SO.  and  H  PO . 

- 2 — 4 - 3 — 4 


I 
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APPENDIX  A- 15 


BENCH  SCALE  STEAM  REFORMER 


| 

I 


The  bench  scale  steam  reformer  was  operated  as  follows.  The  catalyst 
was  charged  to  the  reactor,  and  the  reactor  then  mounted  in  a  vertical  position, 
with  the  catalyst  supported  on  a  porous  disk.  A  thermocouple  probe  was  inserted  into 
the  catalyst  bed  and  the  void  space  above  the  catalyst  bed  filled  with  quartz  wool. 

The  reactor  was  then  closed  and  the  catalyst  given  the  appropriate  preactivation 
treatment.  Then  the  reactor  temperature  was  adjusted  to  the  desired  operating  level 
and  the  decane  and  water  introduced.  The  effluent  from  the  reactor  passed  through  a 
condenser  and  then  into  a  gas-liquid  separator.  The  gas  from  the  separator  was  then 
passed  through  a  wet  test  meter.  Gas  samples  were  then  taken  in  stainless  steel  bombs 
for  analysis  by  mass  spectrometer.  The  flow  of  decane  and  water  was  measured  by 
feeding  the  pumps  from  graduated  dropping  cyclinders.  The  temperature  of  the  catalyst 
bed  was  controlled  by  a  "Guardsman"  temperature  regulator  which  operated  the  reactor 
heater . 


Figure  A- 5 


APPENDIX  B-l 


THE  HYDROCARBON  FUEL  CELL  DESIGN 


The  total  cell  used  in  evaluating  hydrocarbon  cell  components  is  shown 
schematically  in  Figure  B-l.  The  basic  cell  is  constructed  of  Teflon  and  consists 
of  three  chambers:  a  central  electrolyte  chamber  sandwiched  between  the  fuel  and 
oxidant  chambers . 


Figure 


B-l 


Hydrocarbon  Total  Cell 


02  or  Air 


02or  Air 
+  Water 


The  interface  between  the  fuel  and  electrolyte  chambers  is  maintained  by  the  elec¬ 
trode  itself,  while  the  electrolyte-oxidant  (Air  or  O2)  interface  can  be  maintained 
by  either  a  membrane  or  by  a  suitable  electrode  structure.  The  electrodes  are  1-3/8 
in  diameter,  with  an  area  of  11.3  cm  •  Both  liquid  fuel  and  electrolyte  are  fed  from 
the  bottom,  and  carbon  dioxide  can  be  vented  from  both  the  fuel  and  electrolyte 
chambers.  When  used  with  condensable  fuel  vapors,  the  fuel  flow  is  reversed. 


APPENDIX  C-5 


EFFECT  OF  ANOLYTE  FLOW  RATE  ON  BUFFER  TOTAL  CELL  PERFORMANCE 


No  2272-4 
Anode  P-5 

Cathode  American  Cyanamid 

Anolyte  Methanol  +  1M  KH2PO4  +  1M  K2HPO4; 

Methanol  free  phosphate  solution  between 
membrane  and  anode 
Membrane  Gelman  5A 
Fuel  Anolyte  Flow  rate  12  ml/min 
Anolyte  through  membrane  flow  rate  3-6  ml/min 
Current  density  5  ma/em^ 

Oxidant  O2 


Fuel  Cone,  mol ©s/ liter 

--  0.05  -■ 

Temp,  “C 

--22 - 

Anolyte  Circulation  Rate,  ml/min 

0 

1.  5 

2.  5 

5.  5 

8 

Cell  Voltage,  volts 

0.  33 

0.  32 

0.  30 

0.23 

0.  12 

Anode  Polarization,  volts 

0.42 

0.43 

0.45 

0.  50 

0.  59 

Cathode  Polarization,  volts 

0.44 

0.44 

0.44 

0.46 

0.48 

IR  Loss,  volts 

0.01 

0.01 

0.01 

0.01 

0.01 

Power  Output,  mwatts/cm^ 

1.65 

1.60 

1.  50 

1.  15 

0.60 

Methanol  Cone,  moles/liter 

-- 

--  0.05  - 

Temp,  °C 

-* 

— 

-  60 - 

Anolyte  Circulation  Rate,  ml/min 

0 

1.  5 

2.  5 

5.  5 

11 

Cell  Voltage,  volts 

0. 

35 

0.  36 

0.  38 

0.  33 

0.29 

Anode  Polarization,  volts 

- 

0.  22 

0.  20 

0.  24 

0.28 

Cathode  Polarization,  volts 

- 

0.61 

0.  61 

0.  62 

0.  62 

IR  Loss,  volts 

- 

0.01 

0.01 

0.01 

0.01 

Power  Output,  mwatt/cm2 

1. 

75 

1.8 

1.  9 

1.65 

1.45 

Methanol  Cone,  in©les/ liter 

--  0.  125  - 

Temp,  °C 

-  60 . 

Anolyte  Circulation  Rate,  ml/min 

0 

1.5 

3.0 

5.0 

11 

Cell  Voltage,  volts 

0. 33 

0.  34 

0.  33 

0.  30 

0.29 

Anode  Polarization,  volts 

0.  19 

0.  19 

0.  19 

0.  22 

0.  24 

Cathode  Polarization,  volts 

0.  68 

0.67 

0.  68 

0.  68 

0.67 

IR  Loss,  volts 

0.  01 

0.01 

0.01 

0.01 

0.01 

Power  Output,  mwatt/cm^ 

1.65 

1.70 

1.65 

1.  50 

1.45 
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APPENDIX  C- 9 


CELL  CONSTRUCTION  FOR  CATALYST  SLURRY  MEAS UREMENTS 


The  cells  used  for  all  but  the  first  few  measurements  with  the  catalyst 
slurry  system  were  round  bottom  tubes  (12  cm  high,  diameter  from  3  to  5  cm),  with 
perpendicular  ribs  attached  to  the  cell  walls  to  increase  turbulent  flow.  A  bright 
Pt  foil  of  varying  size  (2  to  8  cm^  area  on  both  sides)  served  as  anode.  It  was 
perforated  with  a  number  of  holes  of  3  mm  diameter.  It  was  welded  to  a  Pt  wire 
which  was  glued  into  a  glass  capillary  and  served  a  dual  function  as  current 
collector  and  stirrer,  rotating  at  speeds  up  to  4000  rpm.  A  Pt  wire  was  placed 
in  a  fritted  gas  dispenser  to  serve  as  cathode  and  a  Ag-AgCl  electrode  with  a 
Luggin  capillary  was  the  reference  electrode.  Temperature  was  controlled  by  a 
thermoelement  and  the  cell  atmosphere  was  continuously  flushed  with  a  small 
amount  of  nitrogen.  The  cell  is  shown  in  Figure  C-l. 

Figure  C- 1 
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APPENDIX  D-5 

PREPARATION  AND  TESTING  OF  RADICAL  ANION  REDUCED  CATALYSTS 


Catalyst 

Polarization  at 

Indicated  ma/cra?,  volte 

Tafel 

Slope 

Catalyst 

Loading, 

Run  No. 

Composition 

_0 _ 

1 _ 

10 

50 

100 

b 

mg/ cm^ 

13 

Pt 

0.34 

0.44 

0.49 

0.52 

0.55 

0.05 

20 

226 

Ft 

0.18 

0.27 

0.43 

0.47 

0.50 

0.11 

26 

229 

Pt 

0.22 

0.30 

0.39 

0.45 

0.'*8 

0.08 

26 

227 

F? 

0.17 

0.24 

0.39 

0.46 

0.49 

0.08 

14 

228A 

F7 

0.18 

0.28 

0.39 

0.47 

0.51 

‘  0.11 

25 

235 

Pt-20  Re 

0.20 

0.24 

0.31 

0.36 

0.38 

0.07 

22 

250 

Pt-20  Ru 

0.20 

0.25 

0.32 

0.37 

0.4o 

0.08 

22 

260 

Pt-20  Ru 

0.23 

0.31 

0.40 

0.46 

0.49 

0.09 

10 

261 

Pt-20  Ru 

0.26 

0.32 

0.39 

0.44 

0.46 

0.07 

8 

262 

Pt-20  Ru 

0.24 

0.28 

.33 

0.37 

0.38 

0.05 

20 

271 

Pt-20  Ru 

0.21 

0.26 

0.34 

0.1*0 

0.43 

0.09 

263 

Pt-20  Ru 

0.20 

0.27 

0.34 

0.39 

0.42 

0.08 

13 

233 

Pt-33  Ru 

0.20 

0.25 

0.31 

O.36 

0.38 

0.07 

16 

234 

Pt-33  Ru 

0.20 

0.24 

0.29 

0.34 

0.36 

0.07 

20 

236 

Pt-33  Ru 

0.20 

0.24 

0.30 

0.34 

0.37 

0.06 

20 

268 

Pt-33  Ru 

0.20 

0.26 

0.30 

0.38 

0.4o 

0.07 

251 

Pt-33  Ru 

0.17 

>.23 

0.30 

0.34 

0.  -7 

0.07 

20 

238 

Pt-25  Zn 

0.35 

0.40 

0.43 

0.4? 

0.49 

c.05 

3 

239 

Pt-50  Zn 

0.35 

0.45 

0.49 

0.54 

0.58 

0.05 

9 

240 

Pt-25  Nb 

0.32 

0.36 

0.41 

0.45 

0.47 

0.05 

14 

241 

Pt-50  Nb 

0.23 

0.33 

0.40 

0.44 

0.45 

0.06 

26 

242 

Pt-25  V 

0.28 

0.34 

0.41 

0.45 

0.4y 

0.07 

9 

243 

pt-50  V 

0.26 

0.31* 

0.41 

0.45 

0.47 

0.065 

10 

244 

pt-25  w 

0.25 

0.37 

0.40 

0.45 

0.47 

0.07 

17 

245 

pt-50  W 

0.18 

0.34 

0.40 

0.45 

0.47 

0.07 

14 

246 

Pt-25  Ta 

0.21 

0.33 

0.48 

0.53 

0.55 

0.07 

30 

247 

Pt-50  Ta 

0.34 

C  .42 

0.55 

0.62 

0.6? 

0.09 

5 

248 

Pt-25  Zr 

0.31 

0.36 

0.40 

0.44 

0.4? 

0.04/0,09*** 

13 

265 

Pt-25  Zr 

0.24 

0.38 

0.44 

0.47 

0.49 

0.055 

il 

249 

Pt-50  Zr 

0.31 

o.4o 

0.42 

0.44 

0.47 

0.07/0.09*** 

23 

252 

Pt-25  Mo 

0.14 

o.33 

0.38 

0.43 

0.46 

0.055 

23 

253 

Pt-50  M>- 

0.31 

0.37 

0.44 

0.52 

0. 56 

0.07 

13 

254 

Pt-25  Ti 

0.35 

0.39 

0.4u 

0.50 

0.53 

0.06 

10 

255 

Pt-50  Tl 

0.32 

0.36 

.l,: 

•.;c 

9 

25* 

lt-25  Cr 

0.13 

0.  il 

0.  •: 

8 

2 

Pt-50  Cr 

•0 

. 

■  .4 

8 

2*3 

Pt,  25  Mn 

0.32 

0.40 

0.4-j 

0.48 

0.50 

•O3 

10 

259 

Pt-50  Jin 

0.32 

0.42 

. 

0.62 

0.66 

0.12 

264 

Pt-20  Ru-20  Ta 

0.16 

0.28 

0.34 

0.39 

0.41 

0.0? 

-- 

Remarks** 


Standard, reduced  vith  NaBH^, 


First  batch. 

Stored  in  HgO  for  three  days . 
Second  batch  stored  in  HgSOl* 
for  three  days. 

Second  batch. 

Third  batch  washed  with  benzene 
and  CH3OH. 

Third  Batch  washed  with  CH3OH. 
First  batch. 


Second  batch. 

First  batch  stored  in  HgO  for 
three  days. 


Traces  of  unreduced  ZrOg 
observed. 


Storage  water  became  milky. 
Second  run  mv  less 
polarized. 

Second  run  150  mv  loss 
oelow  )  i;ui  ev-. 


*  Based  on  composition  in  mol  %  of  reaction  solution. 

**  Catalyst  preparation  from  corresponding  salt  solutions  or  slurries  in  Tiff  or  diglyme  by  reduction  at  room  temperature  with  radical  anion 
prepared  in  situ  or  separately  by  addition  of  LI  or  Na  to  polycyclic  aromatics  (biphenyl).  The  precipitates  were  washed  with  degassed, 
benzene,  methanol  and  HgO  and  stored  under  N^>. 

**  A  B  denotes  change  in  Tal’el  slope  at  30  ma  cm^  to  the  second  value  (b). 
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APPENDIX  D-8 

DOUBLE  LAYER  CAPACITANCE  IN  THE  PRESENCE  OF  METHANOL 


mm 


mzm 


r-4  1/N 
ir»\0 


_t  -i  ro  (\i  oj  j-  ir\vo 

CM  CM  CM  CM  CM  CM  CM  CM 

o  o  oooooo 
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Teflon. 

2)  Six  additional  layers,  each  consisting  of  alternating  strips  of  Ft-Teflon  and  voids. 

3)  Six  additional  layers,  each  consisting  of  alternating  strips  of  Pt -Teflon  and  80$  porous 


APPENDIX  E-7 
VOLTAGE  SCAN  TECHNIQUE 


The  voltage  scan  technique  has  been  used  by  many  workers  in  the  field  of 
electrochemistrv(15. 16.17).  Basically,  the  technique  requires  a  potentiostat  con¬ 
trolled  by  an  external  triangular  wave  signal,  and  a  means  for  recording  potential 
and  current.  For  fast  scans,  an  electronic  signal  generator  and  oscilloscope  are 
used.  For  slow  scans,  such  as  those  used  in  this  report,  a  motor  driven  potentio¬ 
meter  and  an  x-y  plotter  are  quite  satisfactory. 

The  voltage  signal  to  the  x-y  plotter  in  this  work  was  furnished  by  the 
output  of  a  Keithley  electrometer,  calibrated  by  a  variable  potentiometer.  The 
current  signal  to  the  x-y  plotter  was  furnished  by  the  voltage  drop  across  pre¬ 
cision  resistors  of  appropriate  values.  Scan  rate  was  controlled  by  a  gear  box 
driving_a  potentiometer.  A  schematic  of  the  equipment  used  is  shown  in  Appendix 
Figure  E-l. 


Figure  F.-1 

Diagram'  of  Equipment  Used  in  Voltag  Scans 


A.  Potentiostat  Power  Supply 

E.  Potentiostat,  Duffers  Model  600 

C.  Electrometer,  Keithley  Model  610A 

D.  Triangular  Wave  Generator 

E.  x-y  Plotter,  Moseley  Model  2D 

F.  Saturated  Calomel  Reference  Electrode,  Luggin  Capillary 

G.  Test  Electrode 

H.  Precision  Resistor 

J.  Voltage  Divider  for  Calibration 

K.  Counter  Electrode 
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APPENDIX  E-8 


Figure  E-2 


Pt-3QAu,  Sodiun  Eorohydride  Reduced 


3.7  M  Sulfuric  Acid  -  60°C 
Scan  Rate,  12  mv/sec 


Au  Oxidation 
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H  Oxidation 


Pt  Oxidation 


H  Reduction 


Au  Reduction 


"Pt  Reduction 


Potential  from  Hydrogen  Reference,  Volts 
Figure  E- 3 

Pt-30Au,  Sodium  Borohydride  Reduced  and 
Hydrogen  Treated  at  423°C _ 


3.7  M  Sulfuric  Acid  -  60°C 
Scan  Rate,  12  mv'sec 
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APPENDIX  E- 8  (CONTINUED 


Pt-30Au,  Hydrogen 
Reduced  at  425°C 


3.7  M  Sulfuric  Acid  -  60  C 
Scan  Rate,  12  mv/sec 


Pt  Reducti on 


Potential  from  Hydrogen  Reference,  Volts 


Smooth  Pt  Sample 


3.7  M  Sulfuric  Acid  -  25  C 
Scan  Rate,  24  mv/sec 


Potential  from  Hydrogen  Reference,  Volts 
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APPENDIX  E-8  (CONTINUED 


Smooth  Pt-5Au  Sample 


H  Oxidation 


Pt  Reduction 


Potential  from  Hydrogen  Reference,  Volts 


Smooth  Pt-lQAu  Sample 


Potential  from  Hydrogen  Reference,  Volts 


■  ■ 


I 


SZ 


a% 

<u  o  , 
-  =*■ 

*  i  g 

e  a> 

o  P 
^  cd 
cm  u  ^1 

•H  •  I 

a^iq 

o  c-Hl 


G\  iH  t—  ON 
LO  LO  VO  -=f 


CM  CT\ 
to  ro 


c —  CO  o 
co  co  _4- 


vo 

VO  »  I  I  1  till 

•  I  I  I  I  I  I  I  I 

o 


CO  CO  CO 

-=t-  I  c —  *  t  I  VO  l  I  i 

•  I  •  t  I  I  •  I  t  1 

o  o  o 


OMrv  OJCO  OV 

co vo  -4  vo  to  r—  co  ~o  co  vo 


oooooooooo 


CO  to  CVJ  (\I  Q  c— ON-=fr  ov 
CO  to.  00-4-  -4  -4  CO  IOVO  to 

oooooooooo 


rH  CM  O  C—  vo  CO 

CO  to  CO  I  CO  i  i  i  IOIC 

•  •  •  i  •  i  i  i  •  • 

o  o  o  o  o  o 


to  to 

to 

to 

lO  lO  OJ 

CM  CM 

CM 

CM 

CM  CM  CO 

cd 

cd 

cd 

cd 

•rH 

•H 

•r-l 

•rH 

bO 

bO 

bO 

bO 

V 

a> 

<L> 

<U 

U 

J-t 

cd 

cd 

cd 

cd 

3 

3 

3 

2 

a* 

a* 

o< 

cd 

cd 

cd 

cd 

a 

PS 

$3 

PS 

•rH 

•H 

•H 

•rH 

-p 

-p 

P 

P 

cd 

cd 

cd 

cd 

<D 

a> 

a> 

a> 

1  u 

u 

1  1 

1  -p 

•p 

p 

p  i  i 

CO 

cn 

cn 

cn 

0) 

a> 

<u 

-p  o 

-P  o 

P  o 

p 

2  O 

^  ° 

3  o 

3 

•gs 

IS 

£  O 
•g°0 

a 

t 

-p 

-p 

p 

LO  cd  to  cd 

to  cd 

to 

£  £  £ 


£  £  £ 


<  <t  3 

o  o  q 

CM  -4-  <C  'O 


<  «  o 

t*-  c—  t* —  r— 

co  co  co  co 


I 


a  o  < 

£-  t—  C— 

of/  co  co 


FQ  O  Q 

Jtr  X^r  £r 

co  co  co 


aK  S 


methanol  and  air  in  3.7  M  sulfuric  acid  at  60°C.  These  studies  were  made  while 
using  rapid  square  wave  current  switching  to  determine  fuel  cell  voltage • changes 
during  large  rapid  changes  in  current.  The  results  showed  some  poorly  defined  IR 
conditions  at  the  cathode. 

Tests  were  made  switching  between  0  and  30  ma/cm^  at  a  rate  of  15  CPS 
using  a  square  wave  signal  generator  and  a  mercury  switching  relay.  Oscilloscope 
patterns  of  the  jalectrode  potentials  indicated  the  current  switching  effects  as 
shown  in  Figure  F-l.  An  analysis  of  the  effective  capacitive  slopes  indicates  a 
cell  capacitance  of  about  8  farads.  This  should  result  in  an  operating  system  havin 
a  very  stiff  characteristic  during  sharp  changes  in  load.  Anode  voltage  change 
characteristics  during  switching  present  a  very  clear-cut  picture  of  A  mv  of  IR  and 
a  well  defined  capacitive  slope.  The  voltage/time  characteristic  of  the  cathode 
showed  a  possible  total  IR  of  about  50  mv.  However,  a  large  part  of  this  apparent 
IR  was  manifested  in  a  very  sharp  voltage  change  occurring  in  2  or  3  milliseconds 
after  current  switching.  Previous  experience  with  square  wave  currents  through 
partially  platinized  platinum  wire  electrodes  suggested  that  these  long  voltage 
tails  are  related  to  resistive  components  in  the  system.  The  primary  portion  of 
the  cathode  trace  indicated  high  capacitance  values  and  suggested  that  IR  reduction 
in  the  cathode  structure  might  be  possible. 


Figure  F-I 
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APPENDIX  F-6 


PERFORMANCE  OF  POTASSIUM  STABILIZED  P-TYPE 
ELECTRODES  IN  TOTAL  CELLS _ 


60  °C 

1  M  CH3OH  in  3.7  M  H2SO4 
American  Cyanamid  AA- 1  Cathode 
Clad  with  Permion  1010  Membrane 


Current  Density, 
ma / cm^ 

Cell  Potential, 
Volts 

Anode  Polarization 
Half-Cells 

from  Theory, 
Total  Cell 

Volts 

#1 

#2 

#3 

#1 

#2 

#3 

0 

.76 

.75 

.60 

_  _ 

.. 

„ 

.. 

10 

.53 

.54 

.47 

.23 

.29 

.30 

.43 

20 

.50 

.49 

.40 

.27 

.31 

.31 

.40 

40 

.44 

.43 

.31 

.32 

.37 

.36 

.48 

60 

.39 

.39 

.27 

.34 

.40 

.40 

.52 

80 

.35 

.35 

.20 

.35 

.41 

.41 

.56 

100 

.30 

.29 

.10 

.36 

.42 

.42 

.61 

Cells  #1  and  #2: 

Performance  after 

polarization  to  0.7  volts 

Cell 

#1  stored 

in 

3.7  M  H2SO4  for  168  hours 

. 

Cell 

#2  stored 

in 

H2O  for  168  hours. 

Cell  #3  : 

Performance  after 

polarization  to  0.7  volts 

. 

Cell 

#3  stored 

in 

1M  CH3OII  3.7  M  H2S04  for 

24  hours 

• 
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APPENDIX  G-l 


AUXILIARY  AND  CONTROL  SYSTEM 
FOR  METHANOL- AIR  POWER  UNIT 


irculatT 


PUMP 


CONSOLE 


AIR  BLOWER 

HEAT  &  WATER  BALANCE  EQUIP 
FUEL  PUMP  &  TANK 


ELECTRONIC 

CONTROLLER 


LJUUU 


/  /  A  *  * 


*  SUMP 
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APPENDIX  G-2 

HALF-CELL  STUDIES  OF  AIR  UTILIZATION  IN  9"  x  5-3/4"  BI-CELL  MODULE 


lit 

1.7  M  H2SO4 

jnerlcan  Cyanamid  AA-1 

with  Permion 

1010 

Me! 

Ihmic  Free  Performance 

Rate , 

Po: 

ometric 

Volts 

fr< 

1  Current 

Cell  j 

n 

3 

0.57 

4 

0.47 

5 

0.46 

_ __ 
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APPENDIX  G- 2  ( CONT ' D 


ITUPIES  OF  AIR  UTILIZATION  IN  9"  x  5-3/4"BI-CELL  MODULE 


HALF-CELL 


Air 

0.25  M  CH3OH  in  3.7  M  H2SO4 
American  Cyanamid  AA- 1  Cathode  Clad 
with  Permion  1010  Membrane 
Ohmic  Free  Performance 


Polarization, 

Volts  from  Theoretical  0 


Air  Rate. 
Stoichiometric 
Ratio  to  Current 


Cell  #1 


-v: 


j..1 


OF  AIR  IN  9"  x  5-3/ 41*  POLYPROPYLENE  METHANOL-AIR  FUEL  CELL 

Conditions:  Temp  =  60-65c>C 

Electrolyte  =  3.7  M  H^SO^ 

Methanol  in  Electrolyte  =  1M 


Air  Stoichiometric  Cell  Voltages  at  Current  Density  of 


3/16"  Diameter  Air  Port  Arrangement  Across  Frames 


(1)  Inlets 
Outlets 

(2)  Inlets 
Outlets 

(3)  Inlets 
Outlets 


Design 

Ratio  to  Current 

20  tna/cm^ 

40  ma/  cm^ 

60  tna/cmz 

a) 

3 

0.07 

0.03 

0.00 

Single  Cell 

4 

0.12 

0.10 

0.10 

5 

0.15 

0.18 

0. 14 

7 

0.21 

0.23 

0. 16 

10 

0.33 

0.26 

0.18 

12 

— 

-- 

0.20 

20 

0.35 

0.29 

0.22 

<2) 

3 

0.10 

0.04 

0.02 

Single  Cell 

4 

0.18 

0.  18 

0.09 

5 

0.27 

0.24 

0.19 

10 

0.40 

0.29 

0.22 

20 

0.41 

0.32 

0.25 

(3) 

2 

0.09 

Single  Cell 

3 

0.20 

0.08 

0.21 

4 

0.27 

0.27 

0.26 

5 

0.37 

0.35 

0.27 

7 

0.45 

0.37 

0.29 

10 

0.46 

0.38 

0.30 

20 

0.48 

0.40 

0.30 

(4) 

2 

0.20 

0. 12 

-- 

Single  Cell 

3 

0.38 

0.28 

0.04 

4 

0.45 

0.35 

0.24 

5 

0.46 

0.37 

0.30 

7 

0.47 

0.38 

0.31 

10 

0.48 

0.40 

0.34 

20 

0.50 

0.43 

-- 

(4) 

3 

-- 

0. 10 

-- 

6  Cell  Stack 

4 

0.28 

0.33 

-- 

(Average  Voltages 

6 

0.44 

0.37 

-- 

Shown  Only) 

8 

0.46 

0.38 

— 

10 

0.47 

0.38 

— 

20 

0.48 

0.41 

-- 
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(Solid  circles  refer  to  closed  air  ports 


APPENDIX'  G-4 

STARTUP  MEASUREMENTS  IN  METHANOL-AIR  CELLS 

6  Cell  9"  x  5-3/4"  Stack 
P-type  Anodes 

American  Cyanamid  Cathodes 
Permion  1010  Membrane 
1.0  M  CH3OH 
3.7  M  H2S04 


Time, 

Temp, 

Air  Rate, 

Current  Density 

min 

°C 

cc/min 

ma/cm^ 

0 

23.89 

0 

0 

2.5 

32.22 

1600 

0 

5.0 

37.78 

1600 

0 

12.0 

43.33 

3300 

0 

14.0 

48.89 

3300 

0 

16.5 

54.44 

3300 

0 

18.5 

57.22 

3300 

0 

22 

60.00 

3300 

0 

25 

65.56 

3300 

15 

28 

71.11 

5000 

<1 

35 

79.44 

5000 

11 

40 

82.22 

5000 

t» 

0 

22.89 

0 

0 

2 

32.22 

2500 

0 

4 

37.78 

It 

0 

6 

43.33 

It 

0 

8 

46.11 

It 

0 

10 

50.00 

It 

15 

12 

58.85 

11 

II 

14 

63.90 

It 

II 

16 

66.65 

II 

II 

18 

68.33 

II 

II 

20 

71.11 

II 

If 

AW/M* 
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APPENDIX  G-5 


FLOW  SCHEMATIC  -  TEN  CELL  STACK 


(4)1  CURRENT  RECORDERS' 


'100  MV  SHUNT 


RECYCLE 

ELECTROLYTE 


r  11  f  L  AIP 

1  CELL 

STACK  EXCESS 

AIR  &  H2O 


Y 


H2S04  -  CH3OH 


CH3OH- h2o 
FEED 


(1)  Stack  voltage  and  current,  and  individual  cell  voltages  and  anode  polarizations 

measui-ed  on  a  multipoint  recording  millivolt  meter.  Model  6702,  Daystrom, 
Inc.,  Poughkeepsie,  New  York. 

(2)  Variac  Type  W10MT  3,  General  Radio  Co.,  Concord,  Massachusetts. 

(3)  ATR  rectifier.  Model  620C-Elit,  ATR  Mfg.  Co.,  St. Paul,  Minnesota. 

(4)  100  mv  Shunt,  Esterl ine-Angus  Co.,  Indianapolis,  Indiana,  made  for  use  with 

Model  AW  DC  AMM  ETER. 

(5)  Pump,  Model  2-6000,  14  RPM,  Buchler  Instruments,  Inc.,  Fort  Lee,  N.J. 

(6)  Pump,  Model  2-6000,  5.7  RPM,  Buchler  Instruments,  Inc.,  Fort  Lee,  N.J. 
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APPENDIX  H-2 


STATISTICAL  EVALUATION  OF  METHANOL  CATALYSTS,  BIASED  REPLICATES 


It  is  important  to  assess,  with  some  degree  of  certainty,  whether 
differences  in  catalyst  activity  are  due  to  changes  in  preparative  technique 
or  composition  or  simply  to  random  error.  Therefore,  replications  have  been 
made  for  evaluating  the  variances  inherent  in  the  procedures  used.  Both 
selected  (biased)  and  random  (unbiased)  replications,  involving  a  variety 
of  catalysts,  have  been  employed. 


2269,  46-1,  47-1 
2465,  11-1,  12-1 
2465,  50-1,  3-1 
2623,  14-2,  12-1 

2623,  25-1,  37-2 

2624,  14-2,  17-1 
2623,  17-1,  21-1 

2623,  18-1,  20-1 
2269,  24-1,  9-1 
2633,  43-1,  50-1 

"  (KOH) 

2624,  7-1,  9-1 
2465,  42-1,  49-1 


Pt -40  Ru 
Pt -40  Ru 
Pt-40  Ru 
Pt -40  Ru 
Pt-40  Ru 
Pt-40  Ru 
Pt-40  Ru 
Pt-40  Ru 
Pt -33  Ru 
RuP-5 
RuP-5 
RuP-5 
Ru-50  Ir 


biased  Replicates 


n  Methanol 

Pol  Diff 

Polarizat ion 

from  Methanol 

Pol 

:  10  ma/cm^ 

in  mv/10 

Theory,  Volts 

,  at  10  ma/cm^ 

in  r 

2S2_ 

(Xt -X? )=X 

- 

iSu 

.31 

-1 

.36 

.36 

0 

.27 

-2 

.30 

.34 

-4 

.32 

-2 

.34 

.35 

-1 

.29 

0 

.34 

.34 

0 

.28 

0 

.33 

.33 

0 

.28 

+1 

.34 

.33 

+  1 

.28 

0 

.32 

.33 

-1 

.29 

-1 

.33 

.32 

+  1 

.29 

0 

.34 

.34 

0 

.26 

+3 

.34 

.32 

+2 

.25 

+2 

.32 

.31 

+  1 

.24 

+1 

.28 

.30 

+2 

.31 

-1 

.33 

.34 

-1 

X  *  absolute  average  of  polarization  differences  in  mv/10. 


= 

2N 


Current  Density,  N°  of  Paired 

ma  /  cm- _  _ Runs 


X  |,  mv/  10 


Reproducibility  of  Pt-40  Ru  Preparations. 
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Office 
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43  West  Front  Street 
Red  Bark,  New  Jersey 

ATTN:  Mr.  C.  Arthur  (1) 

Magna  Corporation 
R&D  Laboratories 
1001  South  East  Street 
Anaheim,  California 

ATTN:  Dr.  Silverman  (1) 

Douglas  Aircraft  Co.,  Inc. 

Missile  6<  Space  Systems  Division 
Astropower  Laboratory 
ATTN:  Mrs.  Mac  Daniel 

2121  Paularino  Avenue 
Newport  Beach,  California 


American  Oil  Company 

Research  &  Development  Department 

Whiting  Laboratories 

2500  New  York  Avenue 

P.0.  Box  431 

Whiting,  Indiana  (1) 

Engelhard  Industries,  Inc. 

Military  Service  Department 
113  Astor  Street 
Newark  2,  New  Jersey 

ATTN:  Mr.  V.  A.  Forlenza  (1) 

University  of  California 
Chemistry  Department 
Berkeley,  California 

ATTN:  Dr.  C.  Tobias  (1) 

Union  Carbide  Corporation 
Parma  Research  Center 
P.0.  Box  6116 
Parma  30,  Ohio 

ATTN:  Dr.  C-  E.  Winters  (1) 

Electrochimica  Corporation 

1140  O'Brien  Drive 

Menlo  Park,  California 

ATTN:  Dr.  M.  Eisenberg  (1) 

Allis-Chalmers  Manufacturing  Company 
Research  Division 
P.0.  Box  512 
Milwaukee,  Wisconsin 

ATTN:  Dr.  p.  Joyner  (1) 

Texas  Instruments,  Incorporated 
Energy  Research  Laboratory 
P.0.  Box  5474 
Dallas  22,  Texas 

ATTN:  Dr.  C.  G.  Peattie  (1) 


(1) 


Mr.  Walter  C.  Scott 
National  Aeronautics  &  Space 
Administration  Headquarters 
Code  RNW 

Washington,  D-C.  20546  (1) 

Institute  for  Defense  Analysis 
1666  Connecticut  Avenue,  N.  W. 

Washinton  25,  D.C. 

ATTN:  Dr.  Szego  &  Mr.  Hamilton  (1) 

Mr.  G.  B.  Wareham 
Office  of  Assistant  Director 
Defense  Research  and  Engineering 
3D- 1048  Pentagon 

Washington  25,  D.C.  (1) 

Director 

Advanced  Research  Projects  Agency 
Washington  25,  D.C.  (6) 

Director 

U-S.A.  Electronics  Laboratories 
Hq,  USAECOM 

ATTN:  AMSEL-RD-DO,  ARPA  Coordinator 

Fort  Monmouth,  N.J.  07703  (1) 


UNCLASSIFIED 


UNCLASSIFIED 


